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Abstract

This study provides a detailed magnetostratigraphic record of subsidence in the Linxia Basin, documenting a 27 Myr
long sedimentary record from the northeastern edge of the Tibetan Plateau. Deposition in the Linxia Basin began at
V29 Ma and continued nearly uninterruptedly until V1.7 Ma. Increasing rates of subsidence between 29 and 6 Ma
in the Linxia Basin suggest deposition in the foredeep portion of a flexural basin and constrain the timing of
shortening in the northeastern margin of the plateau to Late Oligocene^Late Miocene time. By Late Miocene^Early
Pliocene time, a decrease in subsidence rates in the Linxia Basin associated with thrust faulting and aV10‡ clockwise
rotation in the basin indicates that the deformation front of the Tibetan plateau had propagated into the currently
deforming region northeast of the plateau.
9 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The timing and mechanisms of growth of the
Tibetan Plateau are still poorly understood be-
cause of a lack of widespread and precise con-
straints on the timing of deformation in the pla-

teau. Along the northeastern edge of the Tibetan
Plateau, fold-thrust belts, such as the Nan Shan,
Qilian Shan, and Liupan Shan, are presently
undergoing shortening as they are incorporated
into the plateau [1^5] (Fig. 1A). Today, strike-
slip deformation dominates the northern part of
the Tibetan Plateau [1]. It has been suggested that
left slip at the eastern termination of the Altyn
Tagh fault is absorbed by northeast-directed
shortening, accommodating growth of the north-
eastern part of the plateau [2,3,6], whereas trans-
pressional deformation is occurring in the Liupan
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Fig. 1. (A) Location of the study area (rectangle) relative to major tectonic elements of the Tibetan Plateau (simpli¢ed from [4]).
The gray region shows the extent of the Tibetan Plateau. The darker gray region shows the extent of the Songpan^Ganzi accre-
tionary wedge. (B) Simpli¢ed geologic map of the Linxia Basin on the northeastern margin of the Tibetan Plateau [19], showing
localities of studied sections and fossil mammals in the Linxia Basin. Thick lines are faults. Teeth are shown in the hanging wall
of thrust faults. Black dots show locations of measured sections: Wangjiashan (W), Maogou (M), Dongxiang (D), and Dong-
shanding (DS); and faunal assemblages: Longguan fauna (1), Longdan fauna (2), Sigou fauna (3), and Shanzhuang fauna (4).
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Shan at a southward bend in the east^southeast-
striking Haiyuan fault [3,4,6] (Fig. 1A). GPS mea-
surements across northeastern Tibet show that
this region is moving NE^NNE at velocities of
19^15 mm/yr relative to the ¢xed South China
Block [7]. However, localities in the foreland,
north of the Altyn Tagh fault and Qilian Shan,
display much lower and more northerly velocities
of 4^10 mm/yr relative to South China [7], indi-
cating that the northeastern part of the plateau is
moving eastward relative to the northern fore-
land.
Widespread deformation and associated sedi-

mentary basin deposition across the Tibetan Pla-
teau provide a record of upper crustal shortening
in the plateau. Based on the age of magmatism,
deformation, and the seismic structure of the lith-
osphere at signi¢cant tectonic boundaries in the
plateau, it has been suggested that deformation
took place from south to north, causing stepwise
uplift of the Tibetan Plateau [8]. Age constraints
from sedimentary ¢ll in a £exural basin in the
eastern Qiangtang Block document Cretaceous^
Paleogene deformation associated with thrust
faulting, whereas strike-slip faults in this region
postdate basin development [9]. Volcanic rocks
unconformably overlying and intruding these de-
posits constrain the youngest sedimentation to
Middle^Late Eocene age [9]. The Eocene age for
shortening in this region is corroborated by a
belt of V50^40 Ma magmatism in the Tanggula
mountains, which has been interpreted as result-
ing from the southward subduction of Asian lith-
osphere along the Jinsha suture along the Eocene
edge of the high Tibetan Plateau as it existed at
that time [8,10].
Along the northern margin of the plateau, ini-

tial deformation in Eocene^Oligocene time has
been inferred from apatite ¢ssion track analyses
from rocks along the Altyn Tagh and Kunlun
faults surrounding the Qaidam Basin [11,12].
These data are supported by seismic data from
northern Qaidam, which show growth strata
that indicate deformation began by at least Oli-
gocene time [13]. Magnetostratigraphic ages from
the southern Tarim Basin corroborate these data,
indicating an initial age of crustal thickening of
V49 Ma on the margins of the Qaidam Basin

and V33 Ma for the Nan Shan fold-thrust belt,
northeast of Qaidam [14]. Yin et al. [14] interpret
these thrust systems as forming in relation to the
Altyn Tagh fault, which suggests initiation of
strike-slip deformation by 49 Ma. However, Ter-
tiary piercing points from the central and eastern
portion of the Altyn Tagh fault have been inter-
preted to suggest a younger age of initial strike-
slip motion of Late Oligocene^Early Miocene
[15]. Stratigraphic patterns and paleocurrent indi-
cators also suggest that Tarim and Qaidam basins
were separated by the Altyn Tagh fault by Mio-
cene time [16]. This strike-slip deformation led to
an increase in exhumation in the Qilian Shan, as
well as the Kunlun Shan and Altun Shan, in Mio-
cene^Pliocene time, recorded by apatite ¢ssion
track ages [11,17]. Increasing rates of exhumation
in the Qilian Shan in Pliocene^Quaternary time
have been interpreted based on an increase in
sediment accumulation rates at V6 Ma and the
deposition of a thick gravel succession of upper
Pliocene^Pleistocene age [5,18]. The growing
number of studies of the northern margin of the
Tibetan Plateau continues to support the notion
that deformation associated with the Altyn Tagh
fault propagated towards the northeast through
time. Linxia Basin deposits provide a unique op-
portunity to place spatial and temporal con-
straints on the deformation history of the north-
eastern margin of the Tibetan Plateau. In this
study, we report on the magnetostratigraphy of
the Linxia Basin, thereby documenting both the
timing and mechanisms of subsidence in this re-
gion. This is the longest magnetostratigraphic rec-
ord, in terms of time, documented from the ter-
restrial Cenozoic.

2. Geologic background

The Linxia Basin is a sub-basin of the Long-
zhong Basin, located just northeast of the topo-
graphic front on the northeastern edge of the Ti-
betan Plateau and south of the Haiyuan fault, a
large-scale, left-lateral, strike-slip fault [4,6], and
the Liupan Shan to the northeast (Fig. 1A). The
lateral extent of Linxia Basin is marked by struc-
tural boundaries on the northern, western, and
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southern edges of the basin, but is poorly de¢ned
towards the east. To the west and south, the ma-
jor basin-bounding faults within the Tibetan Pla-
teau are the Laijishan fault and North Qinling
fault, respectively (Fig. 1B). Linxia Basin sedi-
mentary rocks onlap Cretaceous sedimentary
rocks in the Maxian Shan to the north (Fig.
1B). Throughout the central part of the Linxia
Basin, the oldest deposits were laid down on gran-
ite of inferred Paleozoic age [19]. Southwest of the
Linxia Basin, the Tibetan Plateau consists of De-
vonian^Permian terrestrial and marine deposits of
the Kunlun^Qaidam terrane and Triassic subma-
rine fan deposits of the Songpan^Ganzi accretion-
ary wedge, which were shed by the east^southeast
striking Qinling mountain belt to the east of the
plateau (Fig. 1A) [20^22].

3. Linxia Basin stratigraphy

Sedimentary rocks of the Linxia Basin are dom-

inated by mudstone and sandstone of £uvial and
lacustrine origin. The stratigraphy has been sub-
divided into eight formations based on lithofacies,
contacts and paleontology (Fig. 2), and can be
traced across the basin. Three stratigraphic sec-
tions were measured along a pro¢le perpendicular
to the northeastern margin of the Tibetan Plateau
(Fig. 2). These sections provide a proximal to dis-
tal pro¢le across the basin from the Tibetan Pla-
teau margin towards the Maxian Shan. Both the
most proximal Wangjiashan (WJS) and central
Maogou sections contain lithologies that can be
correlated to one another. The more distal Dong-
xiang section, which is dominantly mudstone,
cannot be easily correlated based on lithology
and therefore only provides information on the
variation in stratigraphic thickness and grain size
across the basin.
The lower six formations are dominantly red

mudstone and yellowish-gray sandstone. In the
WJS section, these deposits have been folded dur-
ing thrusting to form an anticline with an approx-

Fig. 2. Stratigraphic correlation between the three measured sections in the Linxia Basin. Solid lines are based on magnetostrati-
graphic correlation. Dashed lines are correlations based on lithofacies and mammalian fauna. Section locations are shown in Fig. 1B.

EPSL 6620 19-5-03

X. Fang et al. / Earth and Planetary Science Letters 210 (2003) 545^560548



imately N^NE-trending fold axis. These forma-
tions include the Tala through Hewangjia forma-
tions and are characterized by six cycles (forma-
tions) of ¢ning-upward gray to yellow, cross-
bedded or massive pebbly sandstone and pebble^
cobble conglomerate to yellowish-brown, lami-
nated mudstone or red massive to laminated mud-
stone (Fig. 2). Lithostratigraphic correlations be-
tween the WJS and Maogou sections are drawn
based on these grain-size trends and agree with
magnetostratigraphic correlations between the

upper 600 m of the WJS section and the upper
200 m of the Maogou section. The Tala and basal
Zhongzhuang formations are represented by £u-
vial channel and £oodplain deposits. ByV19 Ma,
widespread lacustrine deposition was established
throughout the basin. During deposition of the
Shangzhuang through basal Liushu formations,
two ¢ning-upward cycles represent marginal la-
custrine facies (central part of the basin) and £u-
vial facies (proximal part of the basin) at the base
of the formations grading up into lacustrine fa-

Table 1
Fossil mammals found in and near the studied sections in the Linxia Basin

Mammal
layera

Mammals Chinese mammal
stage and age

Localityc Ref.

1 Equus sanmeniensis, Lynx sp. (L. shansius?) and Gazella sp.;
Longdan fauna: Vulpes sp., Canis cf. C. chihliensis,
Pannonictis cf. P. pachygnathus, Pachycrocuta licenti, Lynx sp.,
Nestoritherium sp., Coelodonta cf. C. nihowanensis, Meles sp.,
Megantereon cf. M. nihowanense, Homotherium cf. H. nestianum,
Sivapanthera sp., Equus sp. nov., Sciuridae gen. et sp. nov.,
Macaca sp., Procynocephalus sp., Sinocuon sp.,
Felis cf. F. palaeosinensis, Leptobos sp., etc.

Nihewan, V2 Ma
(Villafranchian)b

2, W [25,29]

2 Hipparion sp. Jinglean, 3.4^5.2 Ma
(Ruscinian)b

W [25]

3 Gira⁄dae gen. et sp. indet. ; Longguan fauna: Machairodus
(Epimachairodus?) cf. ultimus, Indarctos sp., Ictitherium gaudryi,
Adcrocuta cf. eximia variabilis, Hipparion (Hipparion) platyodus,
H. (H.) fossatum, Hipparion (Cremohipparion) cf. licenti,
Acerorhinus linxiaensis sp. nov., A. palaeosinensis, Chilotherium
(Chilotherium) anderssoni, C. gracile, Gazella gaudryi, Antilope sp.,
Cervavitus novorossiae, Propotamochoerus sp.

Baodean, 5.2^9 Ma
(Turolian)b

4, 1, M [30,31]

4 Hipparion sp., Chilotherium sp., Honanotherium sp., Cervavitus sp.,
Protalactaga cf. tunggurensis, Spalacinae gen. indet., Castoridae
gen indet., Ochotona lagrelii minor, Ictitherium hipparionum
hyaenoides, Adcrocuta cf. eximia variabilis

1 [32]

5 Sigou fauna: Dinocrocuta gigantea, Adcrocuta eximia varibilis,
Ictitherium wongii, H. cf. chiai, Hipparion platyodus, H. cf. chiai,
H. cf. fossafum, H. cf. hippidiodus, H. cf. tchicorcum,
Chilotherium sp., Ninxiatherium cf. longirhinus, Palaeotragus cf.
microdon, Cervavitus novorossiae, Gazella gaudryi,
G. cf. dorcadoides, Tetralophodon exoletus, Serridentinus sp.,
T. cf. xaolongtanensis (?), Gomphotherium cf. hopwoodi,
Hipparion cf. hippidiodus sefve, Gazella sp.

Bahean, 9^12.5 Ma
(Vallesian)b

1 [25,30]

6 Shanzhuang fauna: Gira¡okeryx shanzhuangensis
sp. nov., Hipparion, Chilotherium, Platybelodon, Honanotherium,
Mustelidae, Struthis

Tongguerean,
12.5^15.4 Ma
(Astaracian)b

3 [30]

7 Gomphotherium sp., Dzungariotherium orgosense, Rhinocerotidae
gen. indet., Paraentelodon macrognathus sp. nov.

Early Xiejian,
V21 Ma
(E. Orleanian)b

M, 2 [28,30]

a These numbers denote stratigraphic levels and are shown in Fig. 3.
b Equivalent European land mammal stage.
c Locations are shown in Fig. 1.
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Fig. 3. Correlation of the magnetostratigraphy of the Wangjiashan (a) and Maogou (b) sections with the GPTS of Cande and
Kent [24]. Stratigraphic occurrences of fossil mammals found in and near the sections are indicated by circled numbers (detailed
in Table 1) and their localities are shown in Fig. 1. For the dipping strata of the Wangjiashan section in panel a, dips and dip
directions (dip, direction) are indicated. Major stratigraphic boundary ages calculated from the interpreted sections are shown.
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cies. The upper Liushu and Hewangjia formations
contain alternating £uvial and lacustrine deposits.
Dominantly boulder conglomerate of the Jishi
Formation unconformably overlies folded strata
in the proximal part of the basin. Grayish-green
mudstone, interpreted as deposits of subaqueous
loess, of the Dongshan Formation caps the WJS
section. Younger loess deposits form a set of ter-
races along the Yellow River and Daxia River
[23].

4. Sampling and analytical methods

Two sections, one at Maogou in the central
part of the basin and the other at WJS in the
southwestern part of the basin nearer to the Ti-
betan Plateau (Figs. 1B and 3), were chosen for
paleomagnetic study. Fossil mammals were col-
lected from seven localities in the basin, of which
four layers lie directly in the studied sections and
the other three are very close to the studied sec-
tions (Figs. 1B and 3, Table 1). They suggest ages
from the Early Miocene to the Early Quaternary
(Table 1) [25^32]. Samples were taken at 0.5^1 m
stratigraphic intervals in the Maogou section and
in the upper 57 m of the WJS section, and at 2 m
intervals in the lower 451 m of the WJS section,
along 1 m deep trenches through the entire length
of the sections. Exceptions were made for the con-
glomerates where sampling intervals depended on
the availability of ¢ner-grained lenses. At each
site, one large oriented block was collected from
which ¢ve or three cubic sub-samples of 2U2U2
cm3 were taken for the Maogou or WJS sections,
respectively. At a later date, additional sub-sam-
ples were taken from those levels (sites) where
con¢rmation of the reversal stratigraphy seemed
important. A total of 3087 sub-samples (2172 and
915 for the Maogou and WJS sections, respec-
tively) were measured in the laboratories.
The natural remanent magnetization of one set

of sub-samples was measured with a Digico mag-
netometer at Lanzhou University, combined with
stepwise alternating-¢eld (AF) demagnetization in
12 steps of 5 mT each up to peak ¢elds of 60 mT.
Progressive thermal demagnetization in 15 steps
(varying between 10 and 50‡C) up to 680‡C was

carried out for the remaining sub-samples as well
as for the supplemental samples collected subse-
quently. The magnetization behavior during ther-
mal demagnetization was measured with a Schon-
stedt SSM2 magnetometer at the Chengdu Insti-
tute of Geology (for two sets of sub-samples of
the Maogou section and for the upper 150 m of
the WJS section) and with a 2G cryogenic mag-
netometer in a magnetically shielded room at the
University of Michigan (for the remaining two
sets of sub-samples of the Maogou section and
for the lower 360 m of the WJS section, and all
the supplemental samples).

5. Results

5.1. Paleomagnetic analysis

Representative thermal demagnetization dia-
grams using the 2G magnetometer show that
there are one or two lower blocking temperature
components superimposed as overprints on the
higher-temperature (characteristic) magnetizations
(Fig. 4). The overprints generally have random
directions for the lowest blocking temperature in-
tervals (e.g. Fig. 4a^c, 6 200‡C), whereas over-
prints persisting up to 400‡C conform to the
present-day geomagnetic ¢eld direction. Above
450‡C, however, all overprints appear to have
been removed and characteristic magnetizations
appear to be isolated with clear normal or re-
versed directions (Fig. 4). Most samples show an
accelerated decay in remanent intensity just below
580‡C (Fig. 4c,d) or 670‡C (Fig. 4a,b), indicating
that magnetite and hematite are the major mag-
netic carriers in these red beds. This is con¢rmed
by the wasp-waisted pattern of the hysteresis mea-
surements of some representative samples of the
Maogou section, which are interpreted as showing
lower and higher coercivity components coexist-
ing in the samples (Fig. 5a). The high-coercivity
component is not saturated at 1.5 T, indicating it
is carried by hematite. Curie temperature mea-
surements con¢rm the high blocking temperatures
of hematite above 650‡C (Fig. 5b).
About 10% of the directions (mostly from

coarse-grained samples) were discarded, mostly
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because their characteristic remanent magnetiza-
tion (ChRM) directions could not be determined
due to ambiguous or noisy orthogonal demagne-
tization diagrams, e.g. when maximum angular
deviation angles exceeded 15‡. Specimens that re-
vealed magnetizations with Virtual Geomagnetic
Pole (VGP)-latitude values less than 30‡ have also
been discarded for the calculation of formation-
mean directions, but they have been included in
the VGP-latitude plots.
Paleomagnetic directions were determined using

principal-component analysis of the demagnetiza-
tion patterns in each sample. The directions ob-
tained in AF demagnetization are generally sim-
ilar to those of the thermal demagnetizations, but
di¡er to some extent for the purple-red mud-
stones, where isolation of components is better
in thermal demagnetization. Where AF demagne-
tization of the hematitic beds suggested imper-
fectly cleaned directions, only the directions ob-
tained in thermal demagnetization were used to

calculate site-mean directions. For most thermally
demagnetized samples, directions obtained with
the Schonstedt SSM2 magnetometer are similar
to those from the 2G cryogenic magnetometer,
but the latter show more stable behavior for
coarse-grained and weak-remanence samples.
Mean directions for most sites were obtained by
averaging the three or ¢ve sub-sample directions
at each level. The strata are generally horizontal
for the Maogou section, so no structural correc-
tion needed to be applied. For the WJS section,
tilt corrections were made as described in the orig-
inal paper [33].
Site-mean directions were used to calculate

VGP positions, and the latitudes of these VGPs
were used to plot a reversal stratigraphy (Fig. 3)
without correcting for the deviation of the forma-
tion-mean directions from the present-day ¢eld
direction. Because the older formations show a
mean declination of 14‡, interpreted as being
caused by local rotations, this introduces a minor
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Fig. 4. Thermal demagnetization diagrams of four representative samples with the sample number corresponding to the strati-
graphic height in the Maogou section. Full (open) symbols represent projections onto the horizontal (vertical) plane.
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bias in the VGP latitudes. Mean directions for
normal, reversed, and combined polarities are
listed in Table 2 for each formation.
Fig. 6a shows an equal-area projection of all

418 accepted ChRM directions of the Maogou
section. A statistical bootstrap technique [34] has
been used to test whether the distributions of the
ChRM vectors are possibly non-Fisherian, and to
characterize the associated uncertainties for both

normal and reversed ChRM directions (Fig. 6b).
The histograms of the Cartesian coordinates of
bootstrapped means [34] allow us to determine a
95% level of con¢dence (ovals around the means
in Fig. 6a) and to demonstrate that the bootstrap
reversal test is positive (Fig. 6b). Furthermore, a
jackknife technique [35] was used to quantify the
reliability of the magnetostratigraphy. The ob-
tained jackknife parameter (J) for the accepted
sample-mean directions has a value of 30.1,
which falls within the range of 0 to 30.5 recom-
mended by Tauxe and Gallet [35] for a robust
magnetostratigraphic data set, indicating that sam-
pling of the section has recovered more than 95%
of the true number of polarity intervals (Fig. 7).

5.2. Summary of the magnetostratigraphic
correlations of the WJS section

In order to have an overview of the available
Cenozoic magnetostratigraphy of the Linxia Ba-
sin and to correlate the WJS magnetostratigraphy
with that of the Maogou section, we brie£y sum-
marize the previously published [33] magnetostra-
tigraphic results of the WJS section. The studied
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Fig. 5. Hysteresis (a) and Curie temperature (b) measure-
ments of representative samples in the Maogou section. Note
the wasp-waisted hysteresis loop, which indicates the co-exis-
tence of two (soft and hard) magnetic minerals (panel a).
High-coercivity hematite is con¢rmed by the decay of the
magnetization by V680‡C (panel b).

Table 2
Paleomagnetic data from the Maogou section, Linxia Basin

Fm n/N Dec Inc K95 k Lat Lon

Normal polarities HWJ 23/24 3.2 42.5 7.6 17 78.8 268
LS 21/21 5.3 38.8 10.4 10.0 75.6 262.8
DX 40/43 8.3 46.2 6.8 12.0 79.4 239.1
SZ 27/27 19.7 35.5 13.4 5 73.0 245.2
ZZ 47/51 9.3 39.7 6.6 11.0 74.7 248.5
TL 37/38 14.8 39.0 7.5 11.0 71.4 235.2

Reversal polarities HWJ 44/45 183.5 338.6 7.8 9.0 75.9 269.5
LS 30/32 192.8 331.4 7.6 13.0 68.3 248.1
DX 44/44 198.1 339.9 6.0 14.0 69.7 227.3
SZ 14/14 183.8 329.2 14.8 8.0 69.8 272.3
ZZ 37/44 201.4 338.8 7.7 10.0 66.9 223.3
TL 54/58 194 335.9 6.1 11.0 70.1 241.0

Combined HWJ 67/69 3.4 40 5.7 10 76.9 269
LS 51/53 9.9 34.5 6.1 12 71.3 253
DX 84/87 13.7 43 4.6 13 74.2 231
SZ 41/41 13.7 33.4 10.1 6 72.2 257
ZZ 84/95 14.6 39.5 5 10 71.7 235
TL 91/96 14.3 37.2 4.7 11 70.7 239

Fm, Formation; n, number of sites used in calculating a (normal, reversed, or combined-polarity) mean direction; N, total num-
ber of sites collected from a formation; Dec, declination; Inc, inclination; k and K95, statistical parameters associated with the
means; Lat, latitude; Lon, longitude; HWJ, Hewangjia Formation; LS, Liushu Formation; DX, Dongxiang Formation; SZ,
Shangzhuang Formation; ZZ, Zhongzhuang Formation; TL, Tala Formation.
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WJS section (Figs. 1B and 3, left column) shows
clean directions recording 23 normal (N1^N23)
and 23 reversed zones (R1^R23).
An unconformity at a depth of 94 m splits the

magnetostratigraphy into two parts. The upper-
most chrons, N1^N3 and R1^R3 in the lacustrine
sediments of the Dongshan Formation, are inter-

preted as representing the Olduvai and Reunion
subchrons as well as the lower part of the Ma-
tuyama Reversed Chron for two reasons. (1)
These intervals can be well correlated both in li-
thology and magnetostratigraphy to the lower
part of yet another section (named Dongshand-
ing, just 5 km south of the WJS section; DS in

Fig. 6. (a) Equal-area projections of all accepted ChRM directions and the normal- and reversed-polarity mean directions (with
ovals of 95% con¢dence) determined with the bootstrap method [34]. Downward (upward) directions are shown as solid (open)
symbols. (b) Bootstrap reversal test diagram. Reversed polarity directions have been inverted to their antipodes to test for a com-
mon mean shared by the normal and reversed magnetization directions. The con¢dence intervals for all components overlap, in-
dicating a positive reversal test.
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Fig. 1B), which is complete between the present
(Brunhes Chron) and the lower part of the Ma-
tuyama Reversed Chron (C2r) [23]. (2) An equus
and Longdan fauna of Plio^Pleistocene age was
found in the lower part of the Dongshan Forma-
tion [25] (Table 1 and Fig. 3a). It follows that the
intervals N4^N6A below R3 are records of the
Gauss Normal Chron (Fig. 3a).
Below the unconformity, the Pliocene fossil

mammal Hipparion sp. was found in the WJS
section in the upper part of the Hewangjia For-
mation (Fig. 3a). The Longguang and Sigou fau-
nas that were found in the upper part of the
Liushu Formation and lower part of the Dong-
xiang Formation (Figs. 2 and 3) roughly correlate
with the Turolian (5.2^9 Ma) [32] and Vallesian
(9^12.5 Ma) stages of European land mammals
[36] (Table 1), further constraining the age of
the immediately overlying Hewangjia Formation.
Thus, R6^R7 in the Hewangjia Formation should
be part of the Gilbert chrons, with N6B, N7 and
N8 correlated, respectively, with the Nunivak, Si-

dufjall and Thvera subchrons, indicating that the
unconformity has eliminated the Cochiti normal
event and the uppermost part of the Gilbert [33]
(Fig. 3a). Further down, N9 and N10 are corre-
lated with subchrons 3An.1n and 3An.2n. The
N19^N22 intervals are the records of the long
normal Chron 5n, with other intervals in between
correlated with the intervening chrons of the Geo-
magnetic Polarity Time Scale (GPTS) [24], such as
the tie between N16 and Chron 4An, etc.

5.3. New magnetostratigraphy of the Maogou
section and correlations to the GPTS

Forty normal (N1^N40) and 41 reversed zones
(R1^R41) are clearly observed in the Maogou sec-
tion (Fig. 3b). The N1^N12 intervals in the He-
wangjia and Dongxiang formations are easily cor-
related both in lithologies and magnetozones with
those in the WJS section, and equally well with
most chrons of the GPTS between chrons 3n and
5n [24] ; see, for example, N1^N3, N4^N5 and
N11 in the Maogou section and their correlation
with chrons 3n.2n^3n.4n, 3An and 5n of the
GPTS [24], respectively (Fig. 3). This correlation
is also con¢rmed by Early Pliocene^Late Miocene
fossil mammals found in this part of the stratig-
raphy (Table 1 and Fig. 3b at 360 m). Much lower
in the section, at about 100 m, the excavation of
very important fossil mammals of paleo-elephant
Gomphotherium sp. and giant rhinoceros Rhinoc-
erotidae gen. indet. as well as other mammals in
the lowermost part of the Zhongzhuang Forma-
tion both by the authors and other colleagues
[28,30] constrain a narrow age of V21 Ma (early
Orleanian of European land mammals or early
Burdigalian [28]) (Table 1 and Fig. 3b). An abun-
dance of other mammals of the so-called Shang-
zhuang fauna were found in the upper part of the
Shangzhuang Formation, suggesting an age
roughly equivalent to the Astaracian (12.5^15.4
Ma) (Table 1 and Fig. 3b).
Constrained by these three mammal levels (3, 6,

and 7 in Fig. 3b), the magnetostratigraphic corre-
lations of N11^N30 are accomplished with most
of chrons between 5n and 6An of the GPTS [24].
An example is our correlation of the distinctive
long normal zones of N17^N18, N21^N23, and
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N28 with chrons 5Acn^5ADn, 5Cn and 6n, re-
spectively (Fig. 3b). In the Tala Formation, below
N30, fossil mammals have not yet been found,
but observed magnetozones are clean and easily
correlated with most chrons between 6AAn.1r
and 10r of the GPTS [24] in the Late Oligocene
(Fig. 3b). The correlation indicates progressively
upward-decreasing sedimentation rates, which
agree with ¢ning-upward trends in the sedimenta-
ry rocks. It also reveals a hiatus representing
chrons 6Ar and 6AAn.1n of the GPTS (Fig.
3b). Thus, an equivalent ofV0.54 Myr is missing
in the stratigraphy, indicating the existence of an
unconformity between the Tala and Zhongzhuang
formations. Granted this correlation, the bottom
of the Maogou section is estimated as V29 Ma.
The sedimentary rocks at the bottom of the Mao-
gou section overlie a granite of inferred Paleozoic
age, indicating that no deposition took place be-
fore the Late Oligocene, and hence, no subsidence
has been recorded before 29 Ma.
An age vs. depth plot of the Maogou and WJS

sections presents gradually increasing to roughly

linear sedimentation rates for the Maogou and
WJS sections, respectively, except for some short
intervals where rapid sedimentation rates occur,
caused by the increased in£ux of sandstone and/
or conglomerate (Fig. 8). This indicates that our
interpretation of the magnetostratigraphy of the
Maogou and WJS sections is plausible.

5.4. Rotations deduced from the paleomagnetic
directions

Average declinations of the Maogou section by
formation (Table 2 and Fig. 9) demonstrate that
the declinations decrease from the older, rather
stable, levels (V29^8 Ma) of V14‡, to 9.9‡ in
the Liushu Formation (V8^6 Ma), and then to
3.4‡ in the Hewangjia Formation (V6^4 Ma).
This indicates that the Linxia Basin experienced
a clockwise rotation afterV8 Ma, suggesting that
contraction of the Linxia Basin by the NE Tibet-
an Plateau occurred at this time, most probably
through the Laijishan thrust (Fig. 1B). The tilting
and folding of the strata in the Yingchuangou
anticline [33], where the WJS section is located,
and a decrease in the sedimentation rate in the
Linxia Basin, both beginning at V6 Ma (Fig.
10), further support the idea of a Late Miocene
age for a phase of contraction in the NE Tibetan
Plateau. Early Cretaceous declinations in the area
[37,38] also show clockwise-deviating declinations.
The average inclinations for the formations

range from 34‡ to 43‡ and show no temporal
trend. The values are lower than expected from
the Geocentric Axial Dipole prediction for the
area. Neogene results from Central Asia have
often revealed such departures, which can be at-
tributed to inclination shallowing during and just
after the sedimentation process, or possibly to
non-dipole ¢eld contributions [39].

6. Discussion

Variation in the stratigraphic thickness and
subsidence history of the Linxia Basin provide in-
sight into the mechanisms of subsidence in this
region and the history of deformation of the
northeastern margin of the Tibetan Plateau.
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Stratigraphic thickness varies from greater than
1200 m just 20 km northeast of the topographic
front of the Tibetan Plateau and thins towards the
northeast, pinching out on the southwestern £ank
of the Maxian Shan (Fig. 1B). The upper 600 m
of the thickest section at WJS has been dated by
magnetostratigraphy (Figs. 2 and 3), providing
chronostratigraphic correlations to the upper
Maogou section. Although the lower part of this
section has not been dated, lithostratigraphic cor-
relation to the dated Maogou section can be made
based on ¢ning-upward cycles documented in
both of the sections (Fig. 2). The basement^sedi-
ment contact is below the level of incision of the
WJS section and therefore cannot be observed.
This precludes the determination of an absolute
age for initial subsidence in the Linxia Basin.
However, based on the lithostratigraphic correla-
tion between the WJS and Maogou sections and
an age of 29 Ma for initial sedimentation in the
Maogou section, we can infer that subsidence be-
gan by 29 Ma at the latest.
Lacustrine, deltaic, and £uvial mudstone and

sandstone dominate the basin ¢ll, with greater
abundance of £uvial sandstone and conglomerate
proximal to the plateau (Fig. 2). Based on varia-
tions in stratigraphic thickness, facies patterns,
and subsidence rates (Figs. 2 and 10), we suggest
that deposition took place in a £exural basin set-
ting, where most of the sediment was sourced
from the southwest from the plateau margin.
Flexural basins associated with forward-propagat-
ing fold-thrust belts display increasing rates of

subsidence through time within the foredeep por-
tion of the basin [41]. Forward imbrication in the
fold-thrust belt eventually leads to the incorpora-
tion of foredeep sedimentary rocks into the fold-
thrust belt. In the wedge-top portion of the fore-
land basin system, synorogenic sediments are de-
posited in association with active thrust faults at
the front of the fold-thrust belt [41]. The wedge-
top region is characterized by progressive defor-
mation of strata, lower rates of subsidence, and
unconformities [41]. Increasing rates of subsidence
from 29 to 6 Ma within the Linxia Basin suggest
deposition in the £exural foredeep (Fig. 10). In
contrast, a decrease in the rate of subsidence in
the proximal part of the basin (at WJS) after
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Fig. 9. Equal-area projection of averaged directions (with oval of 95% con¢dence) for the formations in the Maogou section (see
Table 2). 1, Tala Formation; 2, Zhongzhuang Formation; 3, Shangzhuang Formation; 4, Dongxiang Formation; 5, Liushu For-
mation; 6, Hewangjia Formation. The thin dashed line indicates the mean declination (about +14‡) of formations 1^4.

Fig. 10. Subsidence curve for the Wangjiashan and Maogou
stratigraphic sections in the Linxia Basin, decompacted by
the method of [42].
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6 Ma suggests the wedge-top part of the basin had
propagated to this location, in agreement with the
constraints on the timing of progressive deforma-
tion in the WJS section.
The lower WJS section was folded during

thrust faulting in the proximal part of the basin,
forming the Yingchuangou anticline [33]. Progres-
sive deformation in the WJS section associated
with the development of this fold determines the
age of thrust faulting in the proximal part of the
basin. Bedding dips display rapid shallowing from
38‡ to 18‡ beginning at V6 Ma and continuing
until V3.6 Ma. This thrust faulting may indicate
the time at which the Linxia Basin began to be
incorporated into the Tibetan Plateau. The thick-
est succession of boulder conglomerates (Jishi
Formation) was deposited in the proximal part
of the Linxia Basin beginning V3.6 Ma and has
been interpreted as indicating the age of rapid
uplift of the Tibetan Plateau [33,40]. Another pos-
sibility is that these deposits re£ect the incorpora-
tion of the Linxia Basin into the wedge-top part
of the foreland basin system, resulting from the
forward imbrication of thrust faults on the mar-
gin of the Tibetan Plateau. Faulting and folding
within the Linxia Basin was followed by rapid
intermittent incision of the basin deposits by the
Yellow River and Daxia River beginning atV1.7
Ma. Active thrust faulting and strike-slip faulting
north and east of the Linxia sub-basin and Long-
zhong Basin [2,4,5] indicate that these basins are
currently caught up in the deformation of the
northeastern margin of the Tibetan Plateau.
The timing of initial deformation of northeast-

ern Tibet has implications for the growth history
of the Tibetan Plateau. Initial deformation in the
eastern Qiantang Block is documented as Creta-
ceous^Eocene in age [9,10]. By Late Oligocene
time, deformation had propagated into the Song-
pan^Ganzi and Kunlun^Qaidam terranes, as evi-
denced by the subsidence history in the Linxia
Basin and magnetostratigraphic constraints on
the timing of thrusting in the Nan Shan fold-
thrust belt [14]. On the eastern margin of the Ti-
betan Plateau in the Longmen Shan, 40Ar/39Ar
and (U^Th)/He thermal histories indicate an in-
crease in exhumation in Late Miocene^Early Plio-
cene time [43]. The onset of rapid cooling in this

region is interpreted as marking the onset of de-
formation that led to the development of the east-
ern part of the plateau and produced the steep
topographic gradient observed today between
the Sichuan Basin and the plateau. These inter-
pretations agree with the subsidence history in the
Linxia Basin, which shows a decrease in subsi-
dence at V6 Ma, eventually leading to the uplift
and incision of Linxia Basin ¢ll. It is also at about
this time that the basin underwent a clockwise
rotation of some 10‡, as can be deduced from
the decreasing declination values of the Liushu
and Hewangjia formations (7.5^4.5 Ma). All of
these lines of evidence point to the initial incor-
poration of this region into the Tibetan Plateau
beginning by V7.5^6 Ma.
The relationship between strike-slip deforma-

tion and shortening in northeastern Tibet is still
unclear. Flexural basins in eastern Qiangtang are
cut by younger strike-slip faults [9], suggesting
that these Cretaceous^Eocene basins are not re-
lated to strike-slip deformation. Along the Altyn
Tagh fault, di¡erent data sets suggest that strike-
slip deformation may have begun as early as 49
Ma [14] or as late as Late Oligocene to earliest
Miocene time [15]. An Eocene age for initial mo-
tion on the Altyn Tagh fault leaves open the
possibility that strike-slip faulting accommodated
regional transpression in northeastern Tibet in
Oligocene time. Documentation of the timing of
earliest motion on large strike-slip faults to the
south of the Altyn Tagh fault, such as the Kunlun
fault, is critical to understanding the role of
strike-slip deformation in crustal shortening in
northeastern Tibet.

7. Conclusions

1. New magnetostratigraphic results from the
Maogou section allow us to assign ages be-
tween 29 and 1.7 Ma to the Cenozoic forma-
tions in the Linxia Basin. Previous magneto-
stratigraphic results from the WJS section
correlate well with those for the upper half of
the Maogou section.

2. Linxia Basin deposits both thin and ¢ne to-
wards the northeast, away from the topo-
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graphic front of the Tibetan Plateau. Subsi-
dence rates in the Linxia Basin increase
through time until V6 Ma in the proximal
part of the basin. These observations suggest
subsidence by £exural loading during the thick-
ening of the northeastern margin of the Tibet-
an Plateau between V29 and 6 Ma.

3. A decrease in subsidence rates at 6 Ma coin-
cides with progressive deformation associated
with initial thrusting in the proximal part of
the basin and a clockwise rotation of the basin
of about 10‡. These data indicate that the de-
formation front of the Tibetan Plateau had
propagated into this region by 6 Ma.

4. Initial deformation is documented in the east-
ern Qiangtang Block in Cretaceous^Eocene
time [9,10]. This study demonstrates that de-
formation began in the Songpan^Ganzi and
Kunlun^Qaidam terranes by Late Oligocene
time. ByV6 Ma, deformation had propagated
towards the east [43] and northeast beyond
Linxia. This age progression in deformation
suggests that the NE margin of the Tibetan
Plateau grew in a stepwise fashion towards
the northeast through time.
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