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Cenozoic and its tectonic implication

WANG ZongXiu', LI Tao?, ZHANG Jin? , LIU YongQing® & MA ZongJin?

! Institute of Geomechanics, Chinese Academy of Geological Sciences, Beijing 100081, China;
2 Institute of Geology, China Seismological Administration, Beijing 100029, China;
® Institute of Geology, Chinese Academy of Geological Sciences, Beijing 100037, China

The Tianshan Mountains have undergone its initial orogeny, extension adjusting and re-orogeny since
the Late Paleozoic. The re-orogeny and uplifting process of the orogeny in the Mesozoic and Cenozoic
are two of most important events in the geological evolution of Euro-Asian continent, which resulted in
the formation of the present range-and-basin pattern in topography of the Tianshan Mountains and its
adjacent areas. Thermochronology results by the method of fission-track dating of apatite suggest
three obvious uplifting stages of the Bogad Mountain Chain re-orogeny during the Cenozoic, i.e. 5.6 —
19 Ma, 20—30 Ma, and 42—47 Ma. The strongest uplifting stage of the mountain is the second one at 20
—30 Ma, when the mountain uplifted as a whole, and the beginning of re-orogeny was no less than 65
Ma. Furthermore, our studies also show that the uplifting types of the mountain are variable in the dif-
ferent time periods, including uplifting of mountain as a whole and differential uplifting. The apparently
diversified uplifting processes of the mountain chain are characterized by the migration (or transfor-
mation) of the uplifting direction of the mountain from west to east and from north to south, and the

main process of mountain extending is from north to south.

Bogda Mountain Chain, re-orogeny, uplifting, thermochronology, fission track

1 Introduction

The Tianshan Mountains, located in the middle Eurasia,
is a great mountain chain, which underwent long—term
and complicated evolution. More attention has recently
been paid to this great mountain on different aspects[1 —
Studies have showed that the Cenozoic uplifting of the
Tianshan Mountains resulted from the intraplate crust
shortening”, the thrust faults and related folds devel-
oped in and along the boundaries of the mountain. There
have been many studies and related references about the
uplifting of the Tianshan Mountains, but most of scat-
tered data come from southwest and northern Tianshan
Mountains, and complete and accurate chronological
data from the eastern Tianshan Mountains are lacking.
Fission track dating method of apatite reveled the up-
lifting ages of the southwestern Tianshan Mountains

varying from 134 Ma to 109 Ma by Yang et al.!’, north-
ern Tianshan Mountains at 89 Ma by Wang et al”), and
southern Tianshan Mountains ranging from 109 Ma to
68 Ma by Zhou et al.”™ and Gong et al.l”), respectively.
In the eastern Tianshan Mountains (the Bogda Moun-
tian), the thermochronological data of uplifting of
mountain are even fewer because of the lack of intru-
sions that can be effectively used for dating. Fission
track dating analysis results by Hendrix et al.!'! showed
the unroofing of the northern Tianshan Mountains vary-
ing from later Oligocene to early Miocene, that is to say
that the Tianshan Mountains uplifted 24 Ma ago.
Windley et al.l'” and Allen et al.!'' pointed out that the
Received September 14, 2007; accepted January 18, 2008

doi: 10.1007/511430-008-0038-z

fCorresponding author (email: wangzongxiu@sohu.com)

Supported by the National Basic Research Program of China (973 Program)(Grant

No. 2007CB411305), National Science Foundation of China (Grant No. 40572116) and
National Project of Geological Survey (Grant No. 200113000078)

Sci China Ser D-Earth Sci | Apr. 2008 | vol. 51 | no. 4 | 579-593



angle unconformity between Oligocene molasses with
lower strata in Eastern Tianshan Mountains implied the
beginning time of the uplifting of Tianshan Mountains.
Based on the distribution of Cenozoic strata, Deng et
al™ conjectured that the uplifting of the Tianshan
Mountains might begin at the early Miocene. To sum up,
the uplifting characteristics and process of the Tianshan
Mountains during the Cenozoic are not clear yet because
of lack of samples and systematic sampling along
trans-sections cross the mountain. Therefore, systematic
research on the beginning time and uplifting stages of
the great eastern Tianshan-Bogda mountain chain (in-
cluding the Bogda Mountain and the Balikun Mountain)
were carried out based on the fission track thermochro-
nological dating method of apatite.

2 Geological setting

The Bogda and Balikun Mountains was once called as

88° 90°

the eastern Tianshan Mountains in Chinese literature,
which is located to the north of the Turpan-Hami Basin
and to the south of eastern Junggar Basin. The mountain
chain is mainly composed of Carboniferous and Permian
clastic rocks and some mafic intrusions. The whole
mountain mainly strikes east—west and about 360 km
long, 40—60 km wide (Figure 1). Some workers
thought that the mountain was one island-arc during the
12131 byt the others argued it was once a
14 Recent studies have shown the

Late Paleozoic
rift or aulacogen
Bogda Mountain chain had undergone initial orogeny
during 310—316 Ma'"". In the Mesozoic the mountain
chain had extended, and the Jurassic strata with coal
mine had deposited across the mountain, which means
that the mountain had already been denudated. During
the Cenozoic, the mountain has undergone strong up-
lifting because of strike-slipping or the Indo—Eurasian

collision!'®.

92° (E)

Junggar Basin

1&‘\_ Ji lmusar

(N)
44°

(N)
Jaae

Hami
{ ~ | Turpan Basin amCI;
Turpan | |
N | |
38° . 50° 92°(E)
Chaiwopu sag | Bogda Mt. Piedmont zone Changjisag
of bruchfalten
! 320°
4000 - R >
0 N
N )
3 8000 T
=
S BN iy N R =T
—16000
D

Figure 1 Generalized geological map of Bogda Mountain and its adjacent area. 1, Hercynian granite; 2, Hercynian diorite; 3, Hercynian quartz diorite; 4,

Hercynian basite; 5, ophiolite; 6, profile place.
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3 Burying of the mountain and change of
the Paleo-geothermal gradient

3.1 Burying of the mountain

Studies have showed that the Bogda Mountain had un-
dergone initial orogeny in Late Paleozoic (310—316
Ma), extension adjusting in Mesozoic and re-orogeny in
the Cenozoic". In the whole Mesozoic, the Junggar Ba-
sin, the Turpan-Hami Basin and the Tarim Basin under-
went pan-lake sedimentation for several times, and these
three basins may have linked with many small inter-
montane basins in the Tianshan Mountains!' "\, In addi-
tion, the following facts also suggested that the Bogda
mountain formed during the Late Paleozoic had been
eroded and buried by Mesozoic sediments: 1) the
Mesozoic sediments since the Late Triassic to the north
and south of the mountain can be well compared, and no
rejuvenated foreland basin developed; 2) the Mesozoic
strata along the two sides of the Bogda Mountain be-
come finer upwards as a whole, and the components
trend more mature gradually, which showed that the
high rate between paleo-Bogda mountain and basins
became smaller and smaller; 3) in the Tangfang valley
(2000 m above the sea level) in the Bogda Mountain, the
remnant Middle-Lower Jurassic coal-bearing strata were
found, these fluvial, lake and swamp sediments mean
that during that time the mountain had already been
eroded; 4) these strata are the newest strata preserved
before the Cenozoic uplifting, and furthermore, its
diagenesis degree , coal and coal rank(flame coal) are
similar to the same strata in the foreland regions, which
means that the paleo-Bogda Mountain was buried deeply
and underwent deep buried metamorphism at least since
the Jurassic; 5) in the Cretaceous, basins along the two
sides of the Tianshan Mountains once again underwent
pan-lake sedimentation, the Cretaceous strata over-
lapped marginal uplifts and mountains widely!”, with
phenomena mentioned in 4); we conjecture that the
Bogda Mountain region had already eroded down, and
began to receive sediments. The above discussions indi-
cate that the Paleozoic and Triassic strata in the Bogda
region were buried deeply because of the covering of the
Jurassic-Cretaceous and Paleogene systems, based on
regional data of these three systems, we conjecture that

the surface of the Bogda Mountain was buried at least
for 3000 m deep. Therefore, the outcropped Carbonifer-
ous strata which comprised the present mountain re-
sulted neither from thrusting or gravity sliding, nor from
non-sedimentation since the Late Paleozoic, but from
the unroofing since the Cenozoic.

3.2 Change of the paleo-geothermal gradient

After the Late Paleozoic, the tectonic movement in the
Tianshan Mountains and the basins along two sides
became weaker or even dormant, no magmatism and
volcanism had occurred here since Late Permian The
paleo-geothermal gradient became smaller gradually,
and the Tarim Basin, the Junggar Basin and the Turpan-
Hami basin all underwent similar process. Based on the
inversion of the organic matter maturity R, in basins
adjacent to the mountain, we obtain the paleo-geother-
mal data (Table 1, Figure 2), and these data showed that
the paleo-geothermal gradient of the eastern Junggar
Basin declined continuously from the Late Carbonifer-
ous to the Neogene, and the starting point of the pa-
leo-geothermal gradient in the northeastern Junggar
Basin (foreland region of the Kelameili Mountain) was
lower and declined with low slope However, the starting
point in the foreland of the Bogda Mountain was much
higher and declined much rapidly, which resulted in the
same gradient as that in the northeast part of the Junggar
Basin during the Late Permian, and in the Paleogene it
was smaller than one in the northeastern basin. The paleo-
geothermal data in the foreland region of the Bogda
Mountain make up of three “flats” (Figure 2), which are
Early-Middle Permian, Late Permian—Late Cretaceous
and after Paleogene, respectively. These three flats cor-
respond well to the three tectonic stages of the Bogda
Mountain since the Late Paleozoic. The magmatism and
volcanism in the Bogda Mountain and adjacent basins
did not occur since the Late Permian; the change of
sediment rate also showed the weakening of tectonic
movement (Figure 3). Therefore, we suggest that the
Bogda region underwent continuous heat attenuation
from the Late Paleozoic on, and the thermal depression
after the rifting stage was the main characteristics in this
region in the Mesozoic. Because the evolution of basins
were controlled or affected by the marginal mountains in

1) Wang Z X. Orogeny, formation and evolution of Bogad Mountain, Northwest China. Dissertation for Doctoral Degree. Beijing: Institute of Geol-

ogy, China Seismological Administration, 2003. 30—55
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the studied region, the change of the paleo-geothermal
gradient of basins may indicate the tectonic history of
the adjacent mountain indirectly.

Table 1 Paleo-geothermal gradient of the eastern Junggar Basin

Paleo-geothermal gradient (°C/100 m)

Geological time Northeastern Junggar ~ Foreland of the
Basin Bogda Mountain
Late Carboniferous 4.11
Early Permian 3.95 53
Middle Permian 3.5 5.2
Late Permian 3.44 3.5
Triassic 3.44 3.5
Jurassic 3.15 3.5
Cretaceous 3.15 3.5
Paleogene 2.65 242
Neogene 2.65 242
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Figure 2 Evolution curve of the paleo-geothermal gradient of the eastern
Junggar Basin.

The present geotemperature distribution vs. depth
from the regions around the eastern Junggar Basin
showed that the geotemperature became more linear
with the deepening (Figure 4). Based on the present sur-
face temperature (20°C) and the above-measured geo-
thermal data, the geotemperature vs. depth formula is
best fitted:

Y=26.757X - 414.19,
in which X is the temperature, Y is the depth.

Based on this formula, the temperature has already
been 110—120°C in 3000 m deep, and the apatite has
been annealed. We know from those mentioned above

that the geotemperature of eastern Junggar Basin has
declined continuously, so in the same depth, the apatite
was also annealed completely.

4 Sampling

4.1 Rules of sampling

First, in the study of the mountain uplifting, the ideal
samples for fission track dating are basement rocks of
mountains, such as granite which emplaced during one
thermal event as single intrusive body, during late up-
lifting, the rocks underwent unroofing to arrive at the
earth surface, for these rocks could record the informa-
tion of fission track ages during the cooling process.
However, in many studies, due to different conditions,
the above constrains for sampling could not be satisfied.
Second, in many studies of the fission track dating in
mountain uplifting, data from one or several profiles
were used to depict the uplifting process of the whole
mountain. We argue that tectonic segmentation was one
of basin characteristics of the mountain uplifting, and
different segments have their own uplifting processes.
Hence one or two profiles could not delineate the gene-
ral uplifting process of the whole mountain, furthermore,
the uplifting of two slopes of mountains are even differ-
ent, which may result in more complex uplifting style.
Therefore, in addition to the sampling along different
profiles, regional sampling of the mountain is needed. In
the Bogda-Balikun Mountains there are neither large
scale granite nor single rock body of certain scale with
enough height difference. So in order to avoid deviations
due to the routine sampling, we sampled in different
structural parts of the whole mountain, and massive and
systematic sampling were carried out for apatite fission
track dating in the Carboniferous-Permian System, the
Triassic System and intermediate and basic intrusive
bodies.
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Figure 3 Sediment curves of different strata of the Junggar Basin.
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Figure 4 Distribution of temperature vs. depth in the regions around the
eastern Junggar Basin (temperature was measured by inclusions obtained
in wells). (Data from Petroleum University at Dongying, 2000).

4.2 Distribution of the samples

The low thermochronological dating of the Cenozoic
uplifting of the Bogda-Balikun Mountains is based on
the many successful studies on the deformation styles,
uplifting mechanism and segmentation of these moun-
tains. Therefore, the sampling and dating in this study
not only have unambiguous intentions but also were
controlled well on the regional scale. The sample loca-
tions were showed in Figure 5. As showed in Figure 5,

the sample points covered the Bogda-Balikun Mountains.

Among them, parts of samples were collected along two
north-south trending sections across the mountain
(Mulei-Gaoquandaban-northern Turpan-Hami Basin sec-
tion to the west and Qijiaojing-Dashitou section to the
east), and the rest samples were collected in the northern
and southern foothills of the mountain to compare the
uplifting of the mountain across the strike and discuss

(N)

the deformation style Moreover, in order to compare the
uplifting of the mountain along the strike, we collected
the samples along the whole mountain chain. At last, in
order to compare the sequence of the uplifting of the two
slopes due to the southward undertrusting of the base-
ment of the Changji Basin and discuss the kinematical
vergence and symmetry of the two limbs of the Bogda
Mountain box anticlinorium during the deformation,
samples were also collected symmetrically in the two
slopes of the mountain. In the following analysis, the
study divided the whole mountain into two segments
taking the north—south section passing Qijiaojing as the
boundary; and in order to focus the Bogda Mountain, the
study also divided the mountain into two parts taking the
watershed of the mountain as the boundary.

5 Thermochronological analysis

5.1 Experiment conditions and testing process

Apatite fission track ages were obtained using the ex-
"8 and calculated by the zeta
calibration method!"?). Age-calibration standard is Du-
rango apatite (31.4 Ma). The National Bureau of Stan-
dards trace element glass SRMg;, was used as a dosime-
ter to measure the neutron fluencies during irradiation.

ternal detector method!

Spontaneous fission tracks in apatite were etched in
7%HNO; at 20°C for 35 s. Induced fission tracks in the
low-U muscovite external detectors that covered apatite
grain mounts and glass dosimeters during the irradiation
were later etched in 40%HF at 20°C for 20 min.

45°F
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87° 88° 80° 90°
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Figure 5 Distribution of samples and Position of study area. 1, Location of sampling; 2, mountain; 3, basin; 4, intrusive body; 5, granite; 6, fault.
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Fission tracks and track—length measurements were
counted on an OLYMPUS microscope, using a magnifi-
cation of 1000 under oil immersion objectives for apa-
tite.

All analyses were performed in the State Key Labo-
ratory of Seismic Dynamics in Institute of Geology,
China Seismological Administration. A total of 72 effec-
tive apatite samples and 9 zircon samples for fission
track dating were obtained.

5.2 Data analysis

Table 2 showed the measured fission track data of the
Bogda-Balikun Mountain In Table 2 the P(xz) is the
probability where degrees of freedom=(n71)x2, and can
be calculated by N; and N; in the table. When P(xz) >5%,
the ages of samples are composite ages; when P(x?) <5%,
the ages of samples are mean ages. Error is marked by
+10, and the o can be obtained by above formula. The
implications of other parameters in Table 2 were noted
at the end of the table.

The data in Table 2 show that the apatite fission track
ages of the Bogda-Balikun Mountains range from 5.6 to
65.6 Ma.

Because the fission tracks in the mineral were formed
in different periods, so the length distribution is the basic
reflection of the heating history of the mineral. If the
fission tracks were completely closed in the mineral af-
ter etching, then this kind of track is called confined
track. The length of confined track is equal to the re-
corded range of spontaneous fission fragments of >**U in
the mineral. The change of recorded ranges according to
the temperature is the important marker of the annealing
process, so the length distribution of the confined track
is true reflection of the thermal history of the mineral.

The measured lengths of fission tracks were showed
in Figure 6. Compared with the apatite length distribu-
tions of different kinds of thermal histories!'®, the apa-
tite fission track type of the Bogda-Balikun Mountains
mainly belongs to the type of non-disturbance basement,
which indicates that the thermal history of the Cenozoic
uplifting of the mountain was much simpler generally,
i.e. the mountain did not undergo heating again during
the cooling process Some samples showed annealing
phenomenon with the peak of short tracks, which may
have resulted from burying for not deep enough in local
regions. The length style of the apatite fission track of

the Bogda-Balikun Mountains indicates that the studied
region underwent continuously heat attenuation since
the Late Paleozoic, and the strong tectonic event occur-
ring in southwest Tianshan Mountains in the Trias-
sic-Jurassic was not recorded in the studied region.

Because of no further annealing events, the fission
tracks developing by cooling after the thermal event did
not shorten, and therefore, what they recorded was the
information of the unroofing of the mountain. And the
length distribution of the tracks was controlled by the
thermal history of the rocks so constrained by the facts
of temperature and age; one fitted curve of the changes
of the uplifting rate could be obtained.

Analysis results of fission-track dating of apatite are
listed in Table 2.

In order to obtain the characteristics of distribution of
43 fission track ages, the data are re-ordered to better
show the whole distribution of cooling age of the moun-
tain chain. The results revealed the fission track ages of
apatite ranging from 65.5 to 5.6 Ma, there are three main
more-concentrated periods, i.e. 5.6—19 Ma, 20—30 Ma
and 42—47 Ma (Figure 7), and the medians of these
three periods are 13.0, 24.4and 45.4 Ma, respec tively.

6 Uplifting rate and cooling pattern

6.1 The age of initial uplifting and main uplifting
period

Based on the distribution of fission—track age (Figures 7
and 8), the fission track ages of apatite in studied region
range from 5.6 to 65.6 Ma, and the distribution of these
ages (Figure 8) showed the uplifting characteristics of
the whole mountain. Just as those mentioned above, the
uplifting of the mountain can be divided into early slow
uplifting and late rapid one, and this phenomenon can be
also found in the distribution of the fission track ages.

The fission track ages of the apatite of the studied re-
gion show that the initial uplifting of the Bogda-Balikun
Mountains in the Cenozoic began at 65.6 Ma (Figure 8);
however the samples of this period only are 10% of all
samples, and most of them were sampled from the west-
ern part of the Bogda mountain, which indicates that the
initial uplifting did not occur across the whole mountain.
The main uplifting period is 15.6—25.6 Ma (Figure 8)
when the whole mountain began to undergo uplifting for
the first time.
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Figure 6 Length of apatite fission track and ages of Single apatite. The first and second lines are figures of ages, the third one is the figure of lengths.

80r
=

601 -—
E J
S dor =
=0 i
<

20F

0

Sample

Figure 7 Distribution of Fission track ages of the Bogda-Balikun Moun-
tain chain.

50.00

(%)

40.00

30.00F

20.00

—
' RN

10.00F \\

0.00 1 |

5.6-15.6 15.6-25.6 25.6-35.6 35.6-45.6 45.6-55.6 55.6-65.6
Age (Ma)

Percent by total

Figure 8 The histogram diagram of fission track ages of the Bogda
Mountain and Balikun Mountain.

The distribution as a whole of these fission track ages
of the studied region corresponded to the transformation
of tectonic mechanisms of the eastern Xinjiang well.
Under the setting of the Mesozoic extension, the eastern
Xinjiang underwent pan-lake sedimentation in the Cre-
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taceous, but closed gradually in Late Cretaceous, which
mean that the depression in this time reached its maxi-
mum, and after this period, new tectonic mechanism
developed. So the age of 65.6 Ma was the initial time of
the regional inversion of the region.

6.2 Migration tendency of the uplifting

(1) Uplifting along the axis of the mountain. This
study showed that there were obvious differences of up-
lifting time along the east—west direction of the moun-
tain. The histogram of different segments of the moun-
tain showed that there was an obvious jump of the up-
lifting age in the eastern Balikun Mountain during the
Miocene (Figure 9(a)), and clocks of more than 50% of
the samples were started at this time, which indicates
more regions were involved into the uplifting process.
This peak value is higher than those in the past, indicat-
ing that the uplifting of the Balikun Mountain was
spasmodic.

Different from the Balikun Mountain, the uplifting of
the Bogda Mountain to the west was much more gradual
progressive (Figure 9(b)). Although the Miocene still
held the peak value of the highest frequency, the differ-
ence from frequencies in the past was smaller, this is
different from the Balikun Mountain.

In order to further study the differences of uplifting
along the axis of the mountain, we sort the sampling
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Figure 9 The distribution of fission track ages in east-west direction of

Bogda-Balikun Mountain. (a) Balikun Mountain; (b) Bogda Mountain.

points based on their longitudes, and the distribution of
fission track ages along the axis of the mountain was
obtained (Figure 10). In Figure 10 the general migration
tendency of mountain uplifting was showed by linear
tendency line, and the eastern part was earlier than the
western part; and cubic polynomial curve indicated that
the migration of uplifting developed by complex way,
and the uplifting of the Bogda Mountain started first at
above 88.5°—89°E, and to the east and west of this
point the uplifting became younger gradually. The ten-
dency line shows arcute style: the fitted tendency age on
the top of the arc is 45+5.0 Ma, the age of the west end
is 15+1.5 Ma, and the age of the east end (91.5°E, i.e.

Qijiaojing region) is 25+2.5 Ma. In contrast the age ten-
dency line of the Balilun Mountain showed characteris-
tics of younger in the middle and older at the two ends.

The general change of ages showed that the mountain
is younger eastwards and older westwards, which is
harmonious with the general tendency of the Cenozoic
uplifting the Tianshan Mountains indicating that the
Cenozoic uplifting of the Bogda-Balikun Mountain and
the Western Tianshan Mountains was controlled by the
same tectonic mechanism; the complex migration ten-
dency of the uplifting showed by the cubic tendency line
should be the exhibition of concrete tectonic events con-
trolling the uplifting of the Bogda-Balikun Mountains,
which were controlled by the tectonic segmentation and
different deformation styles of various segments. The
uplifting of the Balikun Mountain was the continuity of
the Bogda Mountain.

(2) Differences in the south-north direction across the
mountain. In order to understand the characteristics of
the mountain uplifting and further to compare the up-
lifting ages of the north and south slopes of the moun-
tain chain, we divide the sampling points into north
group and south one taking the watershed of the moun-
tain as the boundary. The Figure 11(a) showes the histo-
gram of age distribution, in which abscissa axis is the
number of samples, ordinate axis is age, the region to
the left of the ordinate axis is the histogram of ages of
the north slope, the right one is the histogram of ages of
the south slope. The figure showed three points obvi-
ously: first, the initial uplifting age of the north slope
were obviously earlier than those of the south slope;
second, the whole mountain underwent uplifting for the
time during 35—40 Ma; third, in the Miocene the age
frequencies of both slopes were all up to their peaks, and
the mountain underwent the main uplifting. Figure 11(b)

7071 Bogda Mt. , Balikun Mt.
o e
60 i s i
50t |
= i
S a0t I
% !
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Figure 10 Uplifting migration of the Bogda-Balikun Mountain along the mountain axis. 1, Tendency line of age distribution (linear); 2, tendency line of
age distribution (cubic polynomial curve); 3, general uplifting tendency; 4, subordinated uplifting tendency; 5, data points
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is the distribution of the ages, the triangles are the ages
of the north slope, and the circle points show the ages of
the south slope The distribution of these two age groups
also showed the uplifting difference between two slopes,
i.e. early in the north and late in the south. As mentioned
earlier, the points of initial uplifting of the Bogda
Mountain are distributed mainly in the western part
(Figure 10), and furthermore, geophysical data showed
that the Junggar Basin is underthrust beneath the west-
ern part of the Bogda Mountain. However, no such phe-
nomenon occurred eastwards (including the Balikun
Mountain), and therefore the Cenozoic uplifting may
have occurred in the western part first, with the con-
tinuous underthrusting of crust to the north, while the
uplifting developed eastwards and southwards.

(3) Uplifting rate best-fit line and pattern. In addi-
tion to the division of fission track ages with the water-
shed as the boundary, the length distribution of apatite
fission tracks of the two groups was also calculated. The
lengths of tracks range from 10.72—14.92 pm. A total
of 875 fission tracks from the north slope and 466 from
the south slope were used. Based on these data, the his-
togram of length distribution was obtained (Figure 12).
The Figure 12 showed two characteristics of length dis-
tribution First, single peak distribution is the main pat-
tern of the two groups, and the peak of the north slope is
Lpax=13.5—14.2 um and that of the south slope is
Lmax=12.8—13.5 um, which are all the standard type of
heating history of non-disturbance basement All these
mean that the mountain as a whole has not been buried
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Figure 12 Distribution of AFT length across the mountain. 1, Data
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deeply or undergone other heating events after the be-
ginning of uplifting. Second, the measured lengths of
fission tracks were obviously shorter than the lengths of
typical induced fission tracks, which indicates the an-
nealing of the fission tracks of the mountain had oc-
curred, i.e. samples did not become denudated to the
surface rapidly and directly after they entered into the
close temperature, but stayed for some time in the an-
nealing zone.

In order to better discuss the uplifting rate of moun-
tain, we selected 30 samples of apatite and used AFT-
solve software to make fit calculations of fission track
length with age, and put all best-fit lines together to ob-
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tain the fit curves of Cenozoic uplifting rate of orogenic
belt to the south of eastern Junggar Basin (Figures 13
and 14). Modeling results show that: 1) the beginning
time of uplifting of the orogenic belt mainly ranged from
60 Ma to 70 Ma, and the main uplifting occurred in the
Miocene from 15 Ma to 27 Ma; 2) although most curves
show the state of orogenic belt’s uplifting, there is no
unchangeable velocity by which the mountain uplifted,
contrarily all curves show that the uplifting stopped
sometime in the whole process of uplifting The tem-
perature range for the ceasing is 50—70°C, and at last
during the Later Pleistocene about 5—3 Ma, when the
second rapid uplifting has begun; 3) some samples also
show that there was a secondary slow uplifting during
70—50 Ma.

7 Discussion on dynamics of uplifting

It is well known that the collision and consequently
convergence between the Indian and Eurasian plates
resulted in not only the reverse of the Mesozoic struc-
tures in the Tianshan Mountains and the re-uplifting of
Tianshan Mountains, but also the terrestrial clastic
deposition in foreland basins to the south and north of
mountain, and the formation of present basin-range pat-
tern”?%. However, crucial problems are how the com-
pressive stress produced along the plate boundary can be
transferred to the Tianshan Mountains, and how the

stress resulted in the deformation of Tianshan Mountains.

This study showed that the initial uplifting of the

0

Temperature ('C)

Bogda-Balikun Mountains began at ca. 65 Ma; however
was this uplifting the effect of the beginning collision
between the Indian—Eurasian Plates? Many recent stud-
ies have showed that the Indo—Eurasian collision took
place between 65—45 Ma®'**. In addition, Chen et
al.” and Avouac et al.”" pointed out that the main rea-
son for the deformation of the Tianshan Mountains and
crustal shortening was the clockwise rotation of the
Tarim block about 9° based on the paleogeomagnetic
mode. Deng et al! proposed that the distance of the
Tianshan Mountains to present collisional boundary is
about 2000km, and the shortening and convergence was
absorbed by the crustal thickening of the Qinghai-Tibet
Plateau'®!, rotating of interior blocks of plateaul®**")
and eastward extrusion of blocks!*****>" And some
other studies argued the Indo-Eurasian collision also
affect the Tianshan Mountains, or even Mongolia!'®.
Our results show that the Eastern Tianshan Mountains
undertook slow uplifting during 65—35 Ma (Figures 12
and 13), which may mean that the effect of the Indo-
Eurasian collision may have touched the Eastern Tian-
shan Mountains at that time, but it was very weak. Al-
though without more data, we incline that the initial
slow uplifting of the Eastern Tianshan Mountains during
the Early Cenozoic did not result from the Indo-Eurasian
collision, and instead the tectonic function of the Sibe-
rian plate should be considered. Many studies have
shown that the period of 17—23 Ma is one of main

stages of uplifting of the Qinghai-Tibet Plateau!'**' %%,

Age(Ma)

Figure 13  AFT fission track length-ages best-fit line of the Bogda-Balikun Mountains.
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Figure 14 AFT uplifting rate pattern of the Bagda-Balikun Mountains.
(a) Initial uplifting; (b) rapid uplifting at above the Miocene; (c) detained
annealing; (d) rapid uplifting.

and it not only was one important period for tectonic
transformation from early large scale strike-slipping to
late crust thickening!'** but also one important period
for the Plateau to expand to the north™ *%!. This study
showed the strong uplifting of Eastern Tianshan Moun-
tains also occurred in about 24 Ma, so we suggest that
the uplifting of the whole Tianshan Mountains during
Oligocene-Miocene has a close relation to the coeval
tectonic events of the Qinghai-Tibet Plateau, which was
the response of the northward expanding of the Plateau.
Moreover, the Qinghai-Tibetan Plateau has undertaken
another rapid uplifting and deformation in the Late Ce-

[47_55], and this tectonic event was also recorded

nozoic
in the Eastern Tianshan Mountains. Although we still
could not affirm whether the Cenozoic uplifting of the
Eastern Tianshan Mountains has direct relationship with
the Indo-Eurasian collision or not, the above analysis
showed that the uplifting of the Tianshan Mountains in
the Cenozoic has much closer relationship with the evo-
lution of the Qinghai-Tibet Plateau, especially with

those tectonic events occurred in the northern plateau.

8 Conclusions

(1) The initial uplifting of the Bogda Mountain and
the Balikun Mountain was no later than the Paleocene
(65 Ma). During the Eocene to the Oligocene, the moun-
tain underwent one prevalent uplifting, although the

mainly uplifting of this mountain chain occurred about
24.4 Ma in the Miocene. From 20 Ma to 5.6 Ma, the
mountain underwent uneven and differential uplifting.
The initial uplifting at 65 Ma probably was the startup
time of re-orogeny of the Bogda Mountain, which is
consistent with the time restricted by re-construction of
foreland basins in the north and south of mountainl), and
is 40 Ma earlier than the startup time (24 Ma) of re-
orogeny proposed by Hendrix et al.”' and Deng et al.!*.

(2) The prominent character of re-orogeny in the Ce-
nozoic is the differential uplifting of the mountain chain
along the EW and NS direction. The cooling ages be-
come younger from west to east gradually. Three stages
of uplifting can be found in Bogda Mountain and the
later two stages occurred in the Balikun Mountain, and
the uplifting of the conjunction between the Bogda
Mountain and Balikun Mountain (Qijiaojing) took
placed during the second stage. Along the south-north
direction, the north slope of the eastern Bogda Mountain
may uplift earlier and extend to the south gradually.

(3) The fission track age with track length above 14
pm (including 14 pum) concentrates on about 24 Ma,
suggesting the uplifting in the Miocene is rapid. The
results also show that the uplifting rate becomes higher
as the age gets younger. However, the age with fission-
track length of 13.61 pum is 65.3 Ma, indicating that the
uplifting rate of the first stage is slower than that of the
second stage when the mountain body went through the
annealing zone.

(4) Of three tectonic events, two of the Bogda-Bali-
kun Mountains uplifting in the Cenozoic could compare
with those events occurred in the northern part of the
Qinghai-Tibet Plateau in the Cenozoic (5.6—19 Ma,
20—30 Ma), and thus the uplifting of the Eastern Tian-
shan Mountains since the Miocene may be the response
of the evolution of the northern part of the Qinghai-Tibet
Plateau. And the slow uplifting of the Mountain at the
end of the Mesozoic may have close relationship with
the Siberian plate.
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