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implications for the Cenozoic tectonic history of the Tibetan Plateau
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1 INTRODUCTION

SUMMARY

We conducted an integrated palacomagnetic and stratigraphic study on a 5452.8 m thick
sedimentary sequence of the Hoh Xil Basin in northern Qinghai-Tibet Plateau to obtain a
chronostratigraphic framework for these sediments. A total of 966 individual oriented palaeo-
magnetic samples (spaced at stratigraphic intervals) were collected from six measured sections
in the Hoh Xil Basin. Magnetic directions in these samples were obtained by progressive ther-
mal (mainly) and alternating-field demagnetization experiments. Most samples exhibit two
components of magnetization. The lower unblocking temperature component is an overprint
resembling the present-day geocentric axial dipole field direction at the sampling locality. The
most stable, characteristic remanence (ChRM) appears to be an early chemical remanent mag-
netization residing mainly in haematite. The positive results of fold and reversal tests indicate
that the ChRM is a record of the palacomagnetic field close to the time of formation of these
sediments. Further evidence for the magnetization of these sediments acquired close to their
time of deposition is the fact that patterns of magnetic reversals can be matched with the estab-
lished polarity timescale. On the basis of the distinct interval of magnetic reversal zones and
biostratigraphic datums, 13 magnetozones can be recognized at the Hoh Xil Basin that range
from chrons C11 to C23 (30.1-51.0 Ma). The age of the Fenghuoshan Group is palacomagnet-
ically dated as 51-31 Ma (Early Eocene—Middle Early Oligocene), and the age of the Yaxicuo
Group is between 31 and 30 Ma (Middle Early Oligocene—Late Early Oligocene). The new
palacomagnetic data from the Fenghuoshan Group suggest that it has undergone no significant
rotation since the Oligocene. In contrast, declination data from the Yaxicuo Group in Wudao-
liang area imply a vertical-axis clockwise rotation (29.1° & 8.5°) since the Late Oligocene. The
Tertiary palacomagnetic pole position of the Hoh Xil Basin implies a significant northward
convergence of the Hoh Xil Basin (~1600 km) with respect to Eurasia (Siberia) since Early
Eocene—Late Oligocene time. Our results are consistent with the pattern of disturbingly low
palaeolatitudes derived from a large number of high-quality palaeomagnetic studies of Tertiary
rocks from sites that reach all the way from eastern China to Kyrgyzstan. Future work is needed
to separate the influences of sedimentary inclination shallowing and tectonic shortening.
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laboratory for studying continent—continent collision and the uplift
history of the continental lithosphere. This region has challenged

The collision between India and Asia has forcefully raised the Ti-
betan plateau (Argand 1924; Molnar & Tapponnier 1975), which
is the highest and most extensive plateau on Earth today. It is also
well known as the ‘roof” of the world and the ‘third pole’ of the
Earth. Although earth scientists do not debate the current distribu-
tion of topography in the Tibetan plateau, the manner in which it
evolved both prior to and since the onset of collision remains a lively
topic and continues to draw world attention (Yin & Harrison 2000).
Consequently, the Tibetan plateau has become the principal natural
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structural geologists, petrologists, geophysicists and geochronolo-
gists alike. Because of its high elevation and large size, the uplift of
the plateau has also been thought to play a major role in the Pleis-
tocene global cooling (Ruddiman & Kutzbach 1991; Kutzbach et al.
1993; Ruddiman et al. 1997; Harrison et al. 1998) and the Asian
Monsoons (An et al. 2001).

While the bounding regions of the plateau, defined by active thrust
and strike-slip faults, have been extensively studied for the ongo-
ing tectonic activity, the geological history of the Tibetan interior
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has not yet been convincingly established, especially for the early
uplift history of the plateau (Ruddiman 1998). The hinterland of
the Tibetan plateau, a region that contains erosional products of
Tibetan uplift and preserves an important record of its tectonic evo-
lution, receives much less attention because of its harsh conditions
for fieldwork. The Hoh Xil basin, with an area of 101 000 km?
and an average elevation of over 5000 m, is the largest sedimen-
tary basin in the region (Fig. 1). A geological survey of the basin
was only conducted relative recently (Coward et al. 1990; Yi et al.
1990; BGMRQ 1991; Zhang & Zheng 1994). The interpretation of
the geology of this basin has led to a variety of estimates of the
age for the basin formation, ranging from the Palacocene/Eocene
(Yi et al. 1990) to the Late Cretaceous (BGMRQ 1991) the Early
Cretaceous (Zhang & Zheng 1994). Two of the previous interna-
tional geotraverses of the region also reported preliminary palaeo-
magnetic data from a single sampling locality in Fenghuoshan area
(Lin & Watts 1988; Halim et al. 1998). However, results are few
and also subject to conflicting interpretations (Halim ef al. 1998).
Thus, although these results constitute a beginning and provide a
reference for comparison and refinement, they do not constrain the
age of the basin formation. Interest has increasingly focused on
whether the Hoh Xil Basin was formed during the Cretaceous or
the Tertiary. The lack of agreement concerning the age of the basin
hinders our understanding of the regional tectonic evolution and
palaeogeography.

Magnetic polarity stratigraphy is a tool of great promise for pre-
cise temporal correlation and accurate dating in sediments, and can
be most helpful in discriminating between these age estimates. Be-
cause the time between successive reversals is a random variable
following very nearly a Poisson distribution (Merrill et al. 1996),
the pattern of thicknesses of several magnetozones in each part of a
steadily deposited section is a distinctive fingerprint (analogous to
the zebra-stripe bar codes used in libraries and supermarkets) that
can be correlated between distant sections and matched to the es-
tablished geomagnetic polarity timescale (GPTS). This scale, which
has been established independently by radiometric dating and re-
fined by cross-checking among multiple records, provides dates for
reversals that occurred during the last 150 Myr of the Earth’s his-
tory (e.g. Harland et al. 1990; Cande & Kent 1992, 1995; Berggren
et al. 1995; Channell et al. 1995; Opdyke & Channell 1996). As
mentioned, because of the harsh working conditions of the Tibetan
plateau, no magnetostratigraphic data are available from the Hoh
Xil Basin to help define the ages of the sedimentary sequences.

In this paper, we present new magnetostratigraphic results ob-
tained from sedimentary sessions at the Hoh Xil Basin in an effort
to remedy this situation and to test the hypothesis of whether the
basin was formed during the Cretaceous or the Tertiary. We first
describe and discuss the palacomagnetic polarity patterns of the
sediments that provided the most readily interpretable data. We
subsequently interpret the polarity sequence, based on conjunc-
tion with biostratigraphy and the geomagnetic polarity timescale
of Cande & Kent (1992, 1995) and present a magnetostratigraphy
for these sessions. We then use the magnetostratigraphy to estimate
the sediment accumulation rates and the times at which significant
changes in these rates occurred. Finally, we estimate tectonic ro-
tations and palaeolatitudes at which the sediments were deposited
using the age and average magnetic directions available from the
magnetostratigraphy. Such information has importance in evalu-
ating the recent geological and tectonic evolution of the Tibetan
plateau.

2 GEOLOGY AND PALAEOMAGNETIC
SAMPLING

Situated in the western part of the Baya Har terrain (BT) and the
northern part of the Qiangtang terrain (QT), the Hoh Xil Basin is
bounded on the north by South Kunlun Suture Zone (SKSZ) and
the Kunlun Mountain and on the south by the Kangbataqing fault
and the Tanggula Mountain (Fig. 1, inset). The Jinsha River Suture
Zone (JRSZ), one of the five continental suture zones on the Tibetan
plateau runs through the eastern part of the basin and sharply bends
to the south (Fig. 1).

The basement of the Hoh Xil Basin consists of slate, metasand-
stone and phyllite formed during the Triassic, Permian and Car-
boniferous (Zhang & Zheng 1994, shown as the pre-Tertiary base-
ment in Fig. 1). The cover strata of the Hoh Xil Basin, with a to-
tal sediment pile of 5821.4 m thick, contain the Fenghuoshan and
Yaxicuo Groups in the lower part and the Wudaoliang Group in the
upper part. The Fenghuoshan Group with 4782.8 m thickness con-
sists of grey-violet sandstone, mudstone/shale and conglomerate,
intercalating grey-green Cu-containing sandstone, dark grey bio-
clastic limestone and grey layering and tubercular gypsolith. The
Fenghuoshan Group consists mainly of fluvial and lacustrine fa-
cies, with lesser fan-delta facies near the middle part of the group
(Liu & Wang 2001). The Yaxicuo Group (670.0 m thick) mainly
consists of the alternating red-violet sandstone, mudstone and shale
intercalating grey layering and tubercular gypsolith. Satellite im-
ages and field observations show that the Fenghuoshan Group con-
tacts conformably with the overlying Yaxicuo Group. The Wu-
daoliang Group consists mainly of the lake carbonate with some
black oil shale (Liu & Wang 1999). It disconformably overlies the
Fenghuoshan and Yaxicuo Groups and its age is widely accepted as
Early Miocene based on abundant fossils (BGMRQ 1991; Zhang
& Zheng 1994). Although several Palacocene/Eocene fossil assem-
blages have been found in a bio-limestone bed (20 cm thick) of
the Fenghuoshan Group (Yi et al. 1990), no fossils or ash lay-
ers have been found in the Yaxicuo Group to provide possible age
constraints.

To obtain a chronostratigraphic framework for these sediments
and to contribute to the answer to the question of formation age for
the Hoh Xil Basin, we made palacomagnetic-sampling expeditions
during the summers of 1997 and 1998. A total of 966 individual
oriented palacomagnetic samples (spaced at stratigraphic intervals)
were collected from six measured sections in the Hoh Xil Basin.
Magnetic polarity stratigraphy sections (GX, YP, GS and SP) of
the Fenghuoshan Group were conducted in the Fenghuoshan area
(Figs 2 and 3), whereas magnetostratigraphy sections (GG1 and
GG2) of the Yaxicuo Group were measured in the Wudaoliang area
(Fig. 4). These sections exhibit well-exposed outcrops of red mud-
stone, sandstone and conglomerate (Table 1). We correlated these
sections by the method of parallel movement along the strike of sedi-
mentary strata and were guided both by the satellite images (Fig. 2a)
and field mapping.

The structural variations at each area allowed local fold and/or
tilt tests to be applied (Table 1). In the Fenghuoshan area, sections of
GX, YP and GS are mainly distributed along both limbs of a syncline
and section SP is near the core of another syncline to the east (Fig. 3).
In the Wudaoliang area, sections of GG1 and GG2 are situated on
two limbs of an overturned anticline, respectively (Fig. 4). Both
local folding and regional deformation in these two areas occurred
between the Eocene and the Early Miocene, as suggested by regional

© 2003 RAS, GJI, 154, 233-252
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Figure 2. Geological sketch map and satellite image (a) of the Fenghuoshan area in the southeastern Hoh Xil basin, showing tectonic and stratigraphic frames
and locations of measured sections of the Fenghuoshan Group (b). See Fig. 1 for the location.

unconformity and by the available Rb-Sr isotopic age (22.3 Ma,
million years ago) from an overlying basalt flow in the Zhuolai
Lake region (Zhang & Zheng 1994).

Sampling was mainly conducted at grey and red-violet mudstone
and sandstone at a thickness span of approximately 10 m for mud-
stone and of approximately 12 m for sandstone to determine magne-
tostratigraphy (Fig. 5). Several sites were also collected specifically
for rotational analysis, consisting of multiple samples at a strati-
graphic level. Sampling followed standard palacomagnetic practice

with in situ drilling by a portable gasoline-powered core drill or
with hand sampling of well-defined blocks. Orientation was done
using both a magnetic compass mounted on an orienting device
and a sun compass. The mean difference between the two com-
pass readings was +1°, in excellent agreement with the local ge-
omagnetic field declination predicted from the 1995 International
Geomagnetic Reference Field (IGRF) for the region (IAGA Di-
vision V, Working Group 8 1995), indicating that local magnetic
anomalies are negligible and averaged out in the mean. An in situ

© 2003 RAS, GJI, 154, 233-252
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Figure 3. Schematic diagram showing the relationship between sections of
GX, YP, GS and SP.
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Figure 4. Simplified geological map of the Wudaoliang area in the eastern
Hoh Xil basin, indicating locations of measured sections of the Yaxicuo
Group. See Fig. 1 for the location.

hand-sampling technique was adopted when the core drill stopped
working at the higher elevations. The blocks were oriented using a
magnetic compass and were drilled on a horizontal plane in the labo-
ratory. Stratigraphic locations and orientations of each sampling site
were carefully recorded during the course of the fieldwork. Samples
were trimmed into 2.2 cm long cylinders for subsequent palacomag-
netic analysis.

3 EXPERIMENTAL PROCEDURES
AND MAGNETIC DATA ANYALYSIS

All of the experimental work was undertaken in a magnetically
shielded room. The samples were subjected to progressive thermal
(mainly) and alternating field (AF) demagnetization and measured
at each step of treatment by a 2G cryogenic magnetometer at the
palacomagnetic laboratory of the University of California, Santa
Cruz (UCSC). Bulk magnetic susceptibility was also measured after

Magnetostratigraphy of Tertiary sediments 237

every demagnetization step to detect whether chemical changes were
affecting the magnetization during progressive heating. Magnetiza-
tion directions were determined by principal-component analysis
(Kirschvink 1980). The distributions of palacomagnetic directions
at each site were calculated using Fisher (1953) statistics and site
mean directions of all demagnetized data were derived by giving a
unit weighting to each mean sample direction. The analysis of verti-
cal axis rotation employed the technique of Coe et al. (1985). A few
representative samples were also selected for a set of rock-magnetic
measurements to examine their mineralogical characteristics. These
rock-magnetic measurements included Curie temperature determi-
nations, acquisition of isothermal remanent magnetization (IRM)
and backfield demagnetization of saturation IRM, performed both
at UCSC and at the Institute for Rock Magnetism, University of
Minnesota.

4 MAGNETIC RESULTS

4.1 General view

Within the six measured sections where magnetostratigraphy can
be constructed, there were considerable variations in demagnetiza-
tion behaviour among the various lithologies. In general, AF de-
magnetization was less effective in isolating magnetic components.
Comparison of thermal and AF demagnetization results from the
same site showed that in some cases AF demagnetization failed to
remove secondary magnetization adequately. Based on this expe-
rience, thermal treatments were applied to the rest of the samples.
The commonest features of the thermal demagnetization data can be
summarized as follows: a small, soft component of magnetization
was easily removed during the initial demagnetization. The direc-
tions of the soft component generally cluster near the geocentric
axial dipole field (GAD) field direction at the sampling area. Pro-
gressive thermal demagnetization to 700°C, however, revealed two
other magnetization components. An intermediate unblocking tem-
perature component (ITC) was isolated in most samples by best-
fitting lines to demagnetization data between 300 and 500°C. In-
terestingly, the directions of the ITC in some red sandstones are
reversed. This reversed ITC magnetization is compatible with a re-
versed event prior to the Brunhes (>0.78 Ma) and is incompatible
with a Holocene field direction. A very high unblocking temperature
component (HTC) was isolated between 625 and 700°C in almost
all red sandstone samples. The HTC has both normal and reversed
polarities and is interpreted as the characteristic remanent magneti-
zation (ChRM) on the basis of linear trajectories of demagnetization
towards the origin and a similar direction from sample to sample.
In some samples, the vector endpoints miss the origin and align on
a great circle. For these samples, a great circle analysis technique
(McFadden & McElhinny 1988) was used to establish the charac-
teristic direction.

Table 1. Palacomagnetic sampling details of the Hoh Xil basin from this study.

Measured locality Thickness SLat
(formation) section (m) (°N)
GG1 Wudaoliang (Yaxicuo) 196.2
GG2 Wudaoliang (Yaxicuo ) 670.0
SP Sangqiashan (Fenghuoshan) 1447.2
GS Sanggqiashan (Fenghuoshan) 1369.4
YP Erdaogou (Fenghuoshan) 222.9
GX Erdaogou (Fenghuoshan) 1740.3

34°59' 571
34°59' 5571
34° 45561
34°45'56"1
34°33'1070
34°32/2072

SLong N Strike Dip

(°E) (deg) (deg)
93°00' 0174 16 54-239 82-160
92°58' 450 133 199-252 25-84
92°54' 01”8 361 270-325 25-82

92°54'01”8 170 271-150 9-89
92°40' 08”8 47 30545 22-46
92°42'0976 239 277-316 32-90

SLat/SLong: latitude/longitude of sampling locality, N, number of samples used in this study.

© 2003 RAS, GJI, 154, 233-252
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Figure 5. Detailed sedimentary logs of the measured sections showing lithology and sedimentary environments of the Fenghuoshan and Yaxicuo Groups. The
scale is at left-hand (all on the same scale). See Figs 2 and 4 for the locations of the sections.

Response of the ChRM to AF and thermal demagnetization
suggests that in the majority of samples the ChRM is carried by
haematite. We conducted several rock-magnetic analyses on rep-
resentative samples to further characterize the magnetic minerals
and understand their rock-magnetic properties. Results from these
experiments all corroborate the demagnetization behaviour and sug-
gest that haematite is the main magnetic carrier in these redbeds.
As shown in Fig. 6, the hysteresis loop for a redbed sample dis-

plays constricted (wasp-waisted) behaviour, which is typical for the
presence of low-coercivity magnetite and high-coercivity haematite
(Tauxe et al. 1996).

4.2 Sections GG2 and GG1

Sections GG2 and GG1 of the Yaxicuo Group were measured on the
two limbs of an overturned anticline in the Wudaoliang area (Fig. 4).

© 2003 RAS, GJI, 154, 233-252
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Figure 6. Representative magnetic hysteresis characteristic curve for a redbed sample from stratigraphic level 3584.1 m of SQ section displays constricted
loop (wasp-waisted) behaviour, which is typical for the presence of low-coercivity magnetite and high-coercivity haematite. Data are shown corrected for the

sample probe only.

A total of 133 red sandstone samples were collected from section
GG2, but only 16 samples were obtained from section GG1. The
stratigraphic sequence of section GG1 can be correlated with the
lower part of section GG2, providing an opportunity to apply the
fold test on magnetic components. Each of these 149 samples was
subjected to progressive thermal demagnetization to determine the
characteristic magnetization.

As shown in Fig. 7(a), demagnetization at temperatures up to
500 °C effectively removed an overprint and isolated a characteristic
direction. The ChRM is obtained predominantly in the 600675 °C
interval, showing that haematite is the main carrier of the ChRM.
Both normal and reversed polarity directions were obtained (Fig. 8a
and Table 2). The overall mean direction for this section is at D
(declination) = 69.5°, I (inclination) = 18.6°, N = 59 sites, k (pre-
cision parameter of the site mean direction) = 3.9 and ays (95 per
cent confidence circle of the site mean direction) = 10.8° in geo-
graphic coordinates and D = 37.2°, I = 40.8°, k = 8.6, ags = 6.7°
in stratigraphic coordinates (Table 2). Using the test of McFadden
(1990), the fold test results are positive at more than 95 per cent con-
fidence level. The mean normal and reversed directions (Table 2)
are not significantly different from antipodal at the 95 per cent con-
fidence level, affording a positive reversal test (C class reversal test
in McFadden & McElhinny 1990).

4.3 Section SP

We sampled a total of 361 red sandstone samples from three sections
(sections SP 19, 20 and 21) in the Fenghuoshan area. These sand-
stone rocks are in the upper part of the Fenghuoshan Group. Strati-
graphic and palaeontological studies have indicated a pre-Yaxicuo
Group age for these rocks, according to our field studies. We used

© 2003 RAS, GJI, 154, 233-252

progressive thermal demagnetization at a minimum of 10 levels to
resolve the magnetic components. Most samples from the SP section
display rather straightforward demagnetization behaviour, charac-
terized by a single linear trajectory over a broad temperature range
after removal of a viscous component and sometimes a second ITC
(Fig. 7b). The fact that the magnetization persists to temperature
treatments of up to 700 °C indicates that haematite is most probably
the carrier of ChRM.

The direction of the final high-temperature component is predom-
inantly reversed polarity, but 16 samples towards the middle part of
the section revealed normal polarity (Fig. 8b). The mean normal
and reversed directions (Table 2) are not significantly different from
antipodal at the 95 per cent confidence level (C class reversal test
in McFadden & McElhinny 1990). In contrast to sections GG2 and
GGl of'the Yaxicuo Group in the Wudaoliang area described above,
which show persistent eastwardly deflected declinations, the ChRM
direction for the SP section is directed more northwesterly with
intermediate to steep downward inclination. Before tectonic correc-
tion, the mean direction is D = 296.5°, I = 59.4°, N = 51 sites,
k = 5.7, agps = 9.2°. After tectonic correction, the mean direction
of the ChRM becomes D = 350.0°, / = 37.4° with k = 6.8 and
ag9s = 8.3°. As shown in Table 3, the SCOS value in the unfolded
coordinates (4.065) is much less than the critical value at the 99 per
cent confidence level (11.746), demonstrating that the fold test for
the SP sections is also positive at the 99 per cent confidence level.

4.4 Section GS

We measured section GS in the Sangqgiashan area along the strati-
graphic strike (Figs 2b and 3). A total of 170 samples were collected
from section GS. The demagnetization characteristics varied among
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Sample 98x2301A from the GG2 section

Sample 97x0060A from the GS section

w, Up —a&— Horizontal component
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Figure 7. Representative vector endpoint diagrams showing results of thermal demagnetization for samples from the Hoh Xil basin. (a) Sample 98X2301 from
the GG2 section; (b) sample 98X4002A from the SP section; (c) sample 97X0060A from the GS section; (d) sample, 98X7008 from the YP section; and (e)
sample 97X0030A from the GX section. Directions are plotted in geographic coordinates. Crosses and circles represent the projection of the magnetization

vector endpoint on the horizontal and vertical planes, respectively. NRM: natural remanent magnetization. Temperatures shown are in degrees Celsius.

the sampled sites. Although some demagnetization diagrams show
erratic behaviour and reveal remagnetization upon thermal treat-
ment in the laboratory, the vast majority of the samples are quite
well behaved and reveal two magnetic components (Fig. 7c). The
low-temperature component (LTC) is exhibited at low temperatures
(200-400°C) and sometimes persisted until high temperatures
(<600 °C). The direction of the LTC fails a fold test at acquired

the 95 per cent confidence level, indicating a magnetization after
tilting. Nevertheless, the fact that the individual directions for the
LTC are always close (if not identical) to the recent field direc-
tion at the sampling area, suggesting that this LTC is not only an
overprint acquired after folding in recent times, but also indicat-
ing that orientation errors are not significant in collecting these
samples.

© 2003 RAS, GJI, 154, 233-252
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The very high unblocking temperature component (HTC) was iso-
lated between 600 and 690 °C in 82 samples (Table 2). The ChRM
directions associated with this HTC were mainly determined by
best-fitting lines to vector plots of demagnetization data, but for
some samples with overlapping LTC and HTC, a remagnetization
circle technique was used. High unblocking temperatures (~680 °C)
and the red pigments of the rocks suggest the magnetic carrier was
haematite in each case. The lower part of section GS mainly consists
of reversed polarity, whereas the upper part has normal polarity. The
normal and reversed polarity magnetic components form polarity
zones, which allow us to construct a polarity column (Fig. 8c). How-
ever, the two polarities are not exactly antipodal (Table 2), probably
due to the overprints by the recent field that are spread throughout the
measured section. Although the mean direction for normal-polarity
samples (33) fails a fold test, the reversed samples (49 out of a to-
tal of 82) pass the fold test at more than 99 per cent confidence
(Table 2). The overall site-mean direction is quite consistent with
other sections, with an average D =20.8°,/ =41.8° withk=4.1 and
ags = 8.8° in stratigraphic coordinates.

4.5 Sections GX and YP

In the Erdaogou area, we collected a total of 239 samples from
section GX and 47 samples from section YP, which is continuous
with section GX. Progressive thermal demagnetization revealed two
components of magnetization, consistent with the observations dis-
cussed above. The demagnetization results are rather straightfor-
ward: the high stability showed by the normally magnetized sample
98X7008 from the YP section (Fig. 7d) and the reversed polarity
sample 97X0030A from the GX section (Fig. 7¢) is common in a
high proportion of the samples from these two sections. The data
corresponding to the HTC display both polarities, but the results of a
reversal test are not conclusive (Table 2). Figs 8(d) and (e) illustrate
the normal and reversed polarity zones at the GX and YP sections.
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The fold test results on the HTC, however, are positive at the 99 per
cent confidence level in all cases (see Table 2), suggesting that the
ChRM was acquired before the folding during the Early Miocene.
The global average of ChRM directions for these two sections in
stratigraphic coordinates is D = 13.1°, / = 39.0°, N = 94 sites,
with £ = 8.0 and ags = 5.5° (Table 2).

5 REMANENCE DIRECTIONS AND
POLARITY SEQUENCES

In summary, palacomagnetic results from rock samples for this study
in the Hoh Xil Basin were magnetically straightforward with two
distinct magnetization components: (1) an intermediate unblocking-
temperature component, resembling the geocentric axial dipole field
direction at the sampling localities and (2) a higher unblocking-
temperature component, well defined in vector plots, the remanence
of which resides in haematite. Both normal and reversed polarities
of the characteristic directions were observed from the stratigraphic
sequences of the six measured sections (Table 2). The directions for
sections GG1 and GG2 in the Wudaoliang area are generally di-
rected to the northeast, whereas those of the Fenghuoshan sections
are northerly (Fig. 9), indicating some clockwise deflection of the
directions between these strata. Thus, our data suggest that rocks of
the Wudaoliang area may have undergone clockwise rotation. We
will return to these results in the next section after a brief discus-
sion concerning the age of magnetization and magnetostratigraphic
interpretation.

5.1 Age of magnetization

The directions associated with the ChRM in the red sandstones of
the Fenghuoshan and Yaxicuo Groups displayed high consistency
with both normal and reversed polarities and were isolated after the
present-day field overprinting component (ITC) was successfully re-
moved. Although presented only by a small percentage of samples,
the ITC component with reversed polarity would suggest that the
ChRM was acquired at least before 0.78 Ma. The fact that almost
the same magnetization direction and the same polarity pattern were
observed from contemporaneous sites, such as GG1 and GG2, gives
us confidence in our results. The fold test results on the ChRM are
positive, leading us to interpret the ChRM as being primary (Ta-
ble 3). In addition, the same ChRM directions have been reported
by previously studies (e.g. Halim ez al. 1998) from the same forma-
tion in the same general area (see Table 2), suggesting a primary
magnetization has been retained.

Assuming the above are correctly estimated, several critical ques-
tions still remain: could the ChRM represents a regional prefolding
remagnetization? Regional remagnetizations would probably be re-
lated to the India—Asia collision. Regardless of when this remagneti-
zation could have taken place in pre-Early Miocene time (age of fold-
ing), the discrepancy between paleolatitude predicted by the APWP
and that of Hoh Xil implies at least 12°-24° (~1200-2400 km) of
northward shortening (see the further discussion in Section 6.2).
There is no evidence of such a large motion between Tibet and
Siberia in such recent times. This information, taken together with
the presence of both polarities in the stratigraphic sequences, argues
strongly against the hypothesis of a regional remagnetization. Our
preferred interpretation is that the magnetizations determined in the
present study were records of the palacomagnetic field close in age
to the deposition of these red sandstones.
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Figure 8. Variations of declination, inclination and virtual geomagnetic pole (VGP) latitude for (a) GG2 section; (b) SP section; (c) GS section; (d) YP section;

and (e) GX section. Proposed polarity zones for each section are also shown.

5.2 Polarity column and magnetostratigraphic
interpretation

Based on our recognition of reversed and normal polarity ChRM
components at the six measured sections, a number of clearly
defined magnetic reversals can be discerned from these sections.
We can construct a magnetostratigraphic column for the compos-
ite section in the Hoh Xil Basin, which features 13 magnetozones
(Fig. 10). Each of the major polarity zones is defined by several
samples of the same polarity. As with most applications of magne-
tostratigraphy, one of the greatest problems is the correct matching
of the observed sequence of magnetic polarity zones with the ap-
propriate part of the GPTS. For the Hoh Xil Basin, because the
observed polarity sequence is defined from the sedimentary suc-
cession that is more or less continuous through time, this matching
would be straightforward if available biostratigraphic data can assist
in deciding which observed magnetic polarity zone or set of zones
should be correlated with which magnetic chron on the GPTS. For-
tunately, in this combined study several new fossils were collected
from the lower part of section YP and the upper part of section
GG2, respectively. Biostratigraphic samples between a depth in-
terval of 5438.5 and 4782.8 m have yielded Ostracoda and Gas-

teropod fossils such as Artemisia, Chenopodiaceae, Gramineae,
Cperaceae, Umbelliferae, Alnus, Eucypris qaibeigouensis (Sun),
Eucypris lenghuensis (F. Yang), Candoniella albicans (C. Brady),
Suzini (Schenider), Cyprinotus sp., Obtusochara brevicylindrica
(Xu & Huang), Tectocharahoui (S. Wang), Amblyochara subeiensis
(Huang & Xu), Hornichara ginghaiensis (Di), Obtusochara sp. Pter-
isisporites, Classopollis, Podocarpidites, Pinacae, Ephedripites,
Meliaceoipites and Tricolporopollenites. These fossil assemblages
have been assigned ages in the latest part of the Early Oligocene
(Liu 1999). Thus, the observed predominantly positive inclinations
in this interval suggest that these sediments were deposited within
chrons C11 and C12 (30.1-31.3 Ma). This match should be the
case because the normal polarity zone is the only normal subchron
of this particular age. Similarly, fossils found from a bio-limestone
bed (20 cm thick) in the lower part of section YP included Chareae:
Rhabdochara? sp., Peckichara subsphaerica? (Lin & Wang), Cyro-
goneae gen, indet., Ostracoda: Cypris sp., Gasteropod: Sinoplanor-
bis sp., Amnicola sp., Bithynis sp., Cyathidites sp., Schizosporites
sp., Pediastrum sp. They have been assigned ages ranging from the
Middle and the Late Eocene (Yi ef al. 1990). Therefore, the shift
in polarity from reverse to normal at a depth of 1979.2 m within
the YP section would correspond to the onset normal subchron in
chron C18.

© 2003 RAS, GJI, 154, 233-252
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We have used these age constraints and spacings of the observed
polarity intervals to anchor our polarity column to the geomagnetic
timescale (Cande & Kent 1995) (Fig. 10). Several first-order conclu-
sions can be drawn from these correlations. Our new magnetostrati-
graphic correlation indicates that sediments in the Fenghuoshan
Group were deposited approximately 51-31 Myr (Early Eocene—
Early Oligocene), and the age of the Yaxicuo Group is between
31 and 30 Ma (Early Oligocene). The sediments in the Hoh Xil
Basin, therefore, are definitely not Cretaceous in age. This infer-
ence is strongly supported by the facts that the present study is
the first place of the Hoh Xil Basin where dense sampling through
the sediments has been carried out and yet there is no indica-
tion in the magnetic record for the long normal polarity zone
(chron C34, between 118 and 83 Ma) in the Cretaceous (Cande &
Kent 1995).

5.3 Sedimentation rates

The Tertiary sediments of the Hoh Xil Basin composite section
have yielded a detailed magnetic polarity stratigraphy (Fig. 10),
from which relatively precise sedimentation rates can be calculated.
Because nearly all intervals are represented by multiple samples,
it would appear that the continuity of sedimentation and sampling
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density at each site was adequate to record and identify each polar-
ity interval, albeit minimally in a few places. As shown in Fig. 11,
the sediment-accumulation rates at the Hoh Xil Basin exhibit al-
ternating high and low values, with four periods (43.8-42.5, 40.1—
39.5, 38.4-34.7 and 33.6-30.1 Ma, respectively) and that the av-
eraged rates exceed 200 m Myr~!. These relative high sedimen-
tation rates are consistent with the strongest denudation and up-
lift rates deduced from geological observations for the same time
intervals (Liu & Wang 1999, 2001; Wang et al. 1999), suggest-
ing that they were probably caused by intracontinental convergence
between India and Eurasia and better constraints of the timing of
deformation can be obtained. Sedimentation rates reached ~1529
m Myr~! during the Middle Eocene (~40 Ma), much higher than
the averaged rate of 200 m Myr~!, both before and after this time
interval (Fig. 11). Interestingly, there is an apparent coincidence
in time between this high sedimentation rate and known aspects
of tectonic evolution of the region. The northward drifting rate
of India also decreased dramatically at this time, from ~1000 m
Myr~! between 70 and 40 Ma to ~500 m Myr~! at 40 Ma (Mol-
nar & Tapponnier 1975). If uplifting results in mountains growing
faster than rivers can incise them, the interior of the basin could be-
come flooded with sediments eroded from the surrounding moun-
tains (Tapponnier ez al. 2001). However, we are also well aware that
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occasionally high sedimentation rates could be caused by hiatuses.
Indeed, several short hiatuses (or decreases in accumulation rates)
are inferred within the Fenghuoshan Group (Fig. 11). The sedimen-
tation rate is an estimate based on the datum directly above and
below the interval. Thus the sedimentation rate should be seen as
an approximation because there are few dates to use for the reliable
determination.

More detailed work and improved methods are needed to better
detect this apparently high sedimentation rate.

6 TECTONIC ANALYSIS AND
DISCUSSION

6.1 Clockwise rotation of the Wudaoliang area

In Table 4, the Tertiary palaeomagnetic results from the Hoh Xil
Basin (Table 2) are compared with coeval reference poles for Eura-
sia (30—60 Ma poles of Besse & Courtillot 1991) were transferred
from North America, Africa and India using ocean kinematics. As
mentioned, previous palacomagnetic studies (with adequate mag-
netic cleaning techniques) on sedimentary rocks of the Hoh Xil

Inclination (degrees)

0 90 -90 0 90
VGP-LAT (degrees)

Basin include Lin & Watts (1988) and Halim et al. (1998). These
palacomagnetic data come from a single sampling locality in the
Fenghuoshan area and the directions agree with ours very well. We
have re-analysed their data in terms of a combined fold test (Tables
2 and 4). It is obvious from the data in Table 4 that sections in the
Fenghuoshan area show no relative rotations as demonstrated by
the fact that the observed declinations are not significantly differ-
ent from those expected to be inferred from the contemporaneous
Eurasian poles (Table 4 and Fig. 8). On the other hand, the mean
palaecomagnetic declinations for the GG sections are deflected clock-
wise from the expected directions for Eurasia. A clockwise vertical-
axis block rotation of 29.1° & 8.5° of the sampling area since the
Oligocene is implied by the data (Table 4 and Fig. 9). Palaeocurrent
and provenance indicators for the Yaxicuo Group (Liu 1999) as well
as the overturning of strata in the GG1 section are all testimony to
the fact that intraplate deformation is stronger in the Wudaoliang
area compared with those in the Fenghuoshan area. Although our
palaeomagnetic investigation is not sufficiently detailed to consider
the problem of rotation mechanism and the timing of the rotation, we
note that there is a major NW—SE-trending fault near the sampling
area (Fig. 4), which may be responsible for causing the rotation by
its simple shear deformation.

© 2003 RAS, GJI, 154, 233-252
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6.2 The Tertiary low-paleolatitude dilemma in central Asia

Palacomagnetic data in Table 4 clearly show that the Hol Xil Basin
did not occupy its current position in terms of paleolatitude in the
Tertiary. The mean palaeolatitudes predicted for the Hol Xil Basin
is 21° within a 95 per cent confidence band of only +4°. The palaeo-
magnetically inferred latitudinal displacements (£ values in Table 4)
are statistically significant and the positive (northward) magnitudes
are significantly different from zero. Our results agree with the con-
sistent pattern of disturbingly low palaeolatitudes derived from a
large number of high-quality palacomagnetic studies. From Kyr-
gyzstan and the western Tianshan all the way to eastern China,
the inclinations of stable magnetization are anomalously shallow
(Achache et al. 1984; Otofuji ef al. 1989, 1991; Chen et al. 1991;
Meng 1991; Pozzi & Feinberg 1991; Huang & Opdyke 1992; Gilder
etal 1996, 1999,2001; Thomas et al. 1993, 1994; Zhao et al. 1994,
1996; Cogne et al. 1995; Chauvin et al. 1996; Halim et al. 1998;
Cogne et al. 1999; Rumelhart et al. 1999). Using the 40 and 60 Ma
Eurasian reference poles of Besse & Courtillot (1991), Cogné et al.
(1999) showed that the inclinations translate to palaeolatitudes 5°—
25° lower than expected—that is, ranging from an average of 8°—12°
in the east to 15°-21° further west. The northward displacements
relative to Siberia implied by these low palaeolatitudes are larger
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by several times or more than estimates of shortening from crustal
thickening in intervening mountain belts.

It is important to understand the meaning of the discordance
between the palacomagnetic poles for central Asia and Eurasia.
Inclination error, the spurious shallowing of inclination of sed-
imentary magnetization that occurs during deposition and espe-
cially compaction of some sedimentary rocks, is one obvious candi-
date (Anson & Kodama 1987; Arason & Levi 1990a,b; Deamer &
Kodama 1990). It has been implicated as a major cause of anoma-
lously low palacomagnetic palaeolatitudes inferred from turbidites
ofthe North American Salinian and Peninsular terranes: compaction
and remanence-anisotropy experiments on these rocks indicate 10°—
17° of shallowing relative to the inclination of the magnetizing
field (Kodama & Davi 1995; Dickinson & Butler 1998; Tan &
Kodama 1998). In the case of central Asia the low palaeolatitudes
are recorded predominantly in red beds, and in most cases haematite
is the main carrier of remanence. Therefore, it could be chemical
in origin and not subject to inclination error. Indeed, inclinations of
red beds from the above-mentioned Salinian terrane are not anoma-
lously shallow, nor are those from Cretaceous red beds of the North
China Block and the Tadjik depression (Pozzi & Feinberg 1991;
Bazhenov et al. 1994; Zhao et al. 1996). Moreover, in some cases
a succession of red beds with large variations in grain size and
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percentage of clay all exhibit the same inclination (Thomas et al.
1994), contrary to expectations for compaction shallowing (Tan
& Kodama 1998). Several arguments also exist against post-
depositional compaction shallowing (Gilder ef al. 2001). On the
other hand, a substantial inclination error has been demonstrated
in modern red deposits (Tauxe & Kent 1984) and has been sug-
gested on the basis of compaction experiments on redeposited red
bed sediment from one formation in northwest China (Tan et al.
1996). Considering all of this information together, it seems likely
that the inclination error might be a significant source of shallowing
in some, but not all of the anomalous Tertiary results.

If there were a huge systematic error in the ages, so that instead
of Tertiary the rocks were really Cretaceous, this would solve much
of the problem. Then the larger paleolatitude anomalies would be
reduced and no large-scale extension would be necessary. It is true
that the ages of continental red sandstones are notoriously difficult
to pin down accurately. Fossils are rare and usually not as diagnostic
as required, and tying these formations into regional stratigraphic
columns often involves lateral facies correlations, which can be
quite subjective. However, although many of the Tertiary ages as-
signed to the various palaecomagnetic results can be legitimately
questioned, it is unlikely that their real ages are all much older.

Inclination (degrees)

90 -90 0 90
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Therefore, while an extreme paleolatitude anomaly of a particular
Tertiary result would be cut in half by instead assuming its age to
be Cretaceous, this is not a general solution to the low-paleolatitude
problem.

The only other plausible explanation is that the Eurasian refer-
ence poles are not appropriate for Siberia. Since none of them come
from rocks in Siberia, this is a real possibility. In fact, the only
data from Eurasia with ages between 35 and 70 Ma of high enough
quality to be used for a reference pole are those from the British
Tertiary Igneous Province, some 4000 km to the west (Van der Voo
1993). Consequently, the synthetic reference APW path for Eurasia
during this time consists almost entirely of poles transferred from
North America (nine poles), Africa (three) and India (one) (Besse
& Courtillot 1991). However, Bazhenov & Mikolaichuk (2002) re-
cently reported a palacomagnetic pole from mid-Late Palacocene
basalt in Kirgyzstan that coincides with the Eurasian pole as de-
rived from the North Atlantic Igneous Province. Although better
defined data are still needed, anomalous inclinations from central
Asia are unlikely due to errors introduced by transferring poles to
Eurasia.

Another potentially significant source of error, however, is the
non-rigid behaviour of Eurasia. For example, Cogné et al. (1999)
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Table 2. Summary of characteristic palacomagnetic results from the Hoh Xil Basin.
Section ID R/IN Range (°C) G_Dec G_Inc S Dec S_Inc S_Long S_lat ags k2
This study
Waudaoliang area (93.00°E, 34.98°N), red and grey sandstone of Yaxicuo Group
GG1 3/12 600-685 97.3 —34.4 52.7 55.3 165.9 47.6 12.9 9.7
GG2 28/16 600-700 61.4 32.1 33.5 355 201.6 56.7 7.3 9.8
GG1+GG2 31/28 600-700 69.5 18.6 37.2 40.8 188.8 57.4 10.5 54.1
Normal 0/28 72.8 10.7 31.7 45.8 190.2 61.9 9.7 8.9
Reversed 31/0 247.1 —23.9 221.6 —36.0 14.2 —50.5 9.2 8.8
Sanggiashan area (92.98°E, 34.60°N), purple siltstone and sandstone of Fenghuoshan Group
SP 36/15 550-700 296.5 59.4 357 37.4 284.7 76 8.3 6.8
Normal 0/15 288.2 48.9 346.9 37.2 316.2 72 15.8 6.8
Reversed 36/0 121.4 —63.4 181.2 -37.3 88.3 —76.2 9.8 6.9
GS 49/33 600-690 359.5 73.2 20.8 41.8 207.5 69.1 8.8 4.1
Normal 0/33 348.3 53.5 354 45 307.2 80.5 11.6 5.6
Reversed 49/0 234.3 —84.2 217.4 —36.1 16.8 —54 11.2 43
Erdaogou area (92.74°E, 34.56°N), purple siltstone and sandstone of Fenghuoshan Group
YP 2/5 625-685 72.8 53.9 37.1 29.8 202.5 52 17.7 12.6
Normal 0/5 61.8 59.7 26.5 30.1 213.8 60 19.5 16.3
Reversed 2/0 270.6 —36.7 242.2 —25.7 7 —30.4 51.1
GX 32/55 625-700 290.3 85.2 10.8 39.6 231.9 74.7 5.7 8
Normal 0/55 292 79.1 3.4 40 257.7 77.8 7.2 8.1
Reversed 32/0 295.9 —84.5 203 —38 29.9 —65.9 8.8 9.2
YP+GX 34/60 625-700 326.5 87.1 13.1 39 226.6 73.1 5.5 8
Normal 0/60 306.1 81.4 5.7 39.3 249.1 76.7 6.8 8.2
Reversed 34/0 286.6 —81.8 205.7 —37.6 26.8 —63.7 8.8 8.9
Overall Mean for Fenghuoshan Group: N = 4 sections (SP, GS, YP and GX)
(k2/k1 =3.1) 2.1 78.5 16.7 37.8 221 70.4 17 30.3
Mean N = 3 (SP, GS and YP+GX)
(k2/k1 =2.9) 320 75 9.9 39.5 233.7 75 17.8 61.8
Previous study, Fenghuoshan area (92.7°E, 34.5°N)
Halim et al. (1998) N =7 306.3 48.5 9.5 34.3 242 72.2 8.9 47
Lin & Watts (1988) N = 12 sites 215 —34 21 —55.0 4.9 79
Average with Halim et al. (1998)
N = 5 sections (k2/k1 = 4.4) 335.9 74.2 15.2 38.2 224.9 71 12.5 38.2

Explanation: range—range of unblocking temperatures of component during thermal demagnetization. R /N, number of reversed (R) to number of normal
(N) samples. G_Dec/G_Inc, S_Dec/S_Inc, declination and inclination in geographic and stratigraphic coordinates, respectively; S_Long/S_Lat, east longitude
and north latitude of VGP in stratigraphic coordinates; ags/ Ags, radius of the circle of 95 per cent confidence concerning the direction/VGP in degrees
(stratigraphic coordinates). k2(k1)/K, Fisher (1953) precision parameter for direction after (before) tilt correction/for VGP.

Table 3. Fold and reversal test results on ChRM.

Section ID (°E, °N) R/IN SCOS SCOS SCOS SCOS 7o (deg) re (deg)
in situ Tilt-corrected *95 per cent **99 per cent

GGl (all) 93.00°E, 34.98°N 3/12 4.244 2.250 4.510 6.305 13.1 323
GG2 (all) 93.00°E, 34.98°N 28/16 4.930 0.855 7.716 10.910 12.9 14.7
GG1+GG2 (normal) 93.00°E, 34.98°N 0/28 23.793 0.629 6.155 8.703

GG1+GG2 (reversed) 93.00°E, 34.98°N 31/0 7.142 4.750 6.476 9.157

GG1+GG2 (all) 93.00°E, 34.98°N 31/28 35.513 1.737 8.935 12.633 12.2 13.2
SP (normal) 92.98°E, 34.60°N 0/15 4.728 1.536 4.510 6.305

SP (reversed) 92.98°E, 34.60°N 36/0 8.233 3.717 6.979 9.868

SP (all) 92.98°E, 34.60°N 36/15 11.436 4.065 8.307 11.746 12.9 18.1
GS (normal) 92.98°E, 34.60°N 0/33 16.106 10.531 6.682 9.448

GS (reversed) 92.98°E, 34.60°N 49/0 17.279 2.392 8.142 11.513

GS (all) 92.98°E, 34.60°N 49/33 30.917 6.748 10.533 14.894 304 15.9
SP+GS (all) 92.98°E, 34.60°N 85/48 34.058 0.308 13.415 18.968 22.5 11.4
YP (all) 92.74°E, 34.56°N 2/5 0.049 1.432 3.086 4.253 31.6 32.7
GX (normal) 92.74°E, 34.56°N 0/55 14.395 2.451 8.626 12.198

GX (reversed) 92.74°E, 34.56°N 32/0 9.781 0.557 6.580 9.304

GX (all) 92.74°E, 34.56°N 32/55 24.491 0.704 10.850 15.341 15.3 11.5
YP + GX (normal) 92.74°E, 34.56°N 0/60 18.964 1.016 9.010 12.740

YP + GX (reversed) 92.74°E, 34.56°N 34/0 11.524 1.562 6.783 9.590

YP + GX (all) 92.74°E, 34.56°N 34/60 31.805 3.066 11.278 15.946 15.6 11.1
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Note: R/N = number of reversed (R) to number of normal (N) samples; r, = angle between normal and reversal mean directions; r. = critical angle of
McFadden & McElhinny (1990). *, **: 95 and 99 per cent critical SCOS values for the structural correction using definition 2 of SCOS in the test of
McFadden (1990), which must be exceeded for significant correlation.
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Figure 9. Equal-area projection of magnetic directions with 95 per cent confidence circles for the two areas in Hoh Xil basin listed in Table 4. (a) Wudaoliang
area, (b) Fenghuoshan area. Obs = observed; Exp = expected directions reduced from the Eurasian poles.

have pointed out that fairly small amounts of compression or ex-
tension in western Europe could produce much larger southward
relative movements in Asia because of the large lever-arm effect.
The fairly good agreement of Late Permian and Early Triassic poles
from Europe and Siberia suggest that this mechanism could not ac-
count for more than approximately half of the paleolatitude anomaly
(Smethurst et al. 1998). Our own Tertiary and Late Cretaceous
palacomagnetic data from Siberia also do not support the hypo-
thetical non-rigid behaviour (Zhao et al. 2001, 2002).

7 CONCLUSIONS

The polarity patterns from the red sedimentary sequence of the
Fenghuoshan and Yaxicuo Groups at the Hoh Xil Basin show that a
reliable magnetostratigraphy can be established for the past 52 Ma.
The magnetostratigraphic profile features 13 polarity chrons and
correlates well with chrons C23—C11. The age of the Fenghu-
oshan Group is palacomagnetically dated as 51-31 Ma (Early
Eocene—Middle Early Oligocene), and the age of the Yaxicuo Group
is between 31 and 30 Ma (Middle Early Oligocene—Late Early
Oligocene). The new palacomagnetic data from the Fenghuoshan
Group suggest that it has undergone no significant rotation since the
Oligocene. In contrast, declination data from the Yaxicuo Group in
the Wudaoliang area imply a vertical-axis clockwise rotation (29.1°
=+ 8.5°) since the Late Oligocene.

The Tertiary palacomagnetic pole position of the Hoh Xil Basin
implies a significant northward convergence with respect to Eura-

sia (Siberia) since Early Eocene—Late Oligocene times. The dif-
ferences between the observed palaeolatitudes from this study and
those expected from palacomagnetic reference poles for Eurasia are
much larger than geological estimates of crustal shortening. Our
results are consistent with the pattern of disturbingly low palacolat-
itudes derived from a large number of high-quality palacomagnetic
studies of Tertiary rocks in central Asia. More rock-magnetic and
palacomagnetic data are needed to separate the influences of rock-
magnetic characteristics, sedimentary inclination shallowing and
tectonic shortening.
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Figure 10. Magnetochronostratigraphy chart of the Hoh Xil basin, northern Tibet and correlation with the reference scale of Cande & Kent (1995). Poorly
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