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INTODUCTION

Most researchers admit the contribution of the India–
Eurasia collision in the creation of the present-day struc-
tural pattern of Asia, but the general agreement ends
here. The convergence of these continents since the
beginning of the collision is estimated at 2500 km
[57 among others], but researchers disagree completely
as to where and how exactly the convergence was
accommodated [51, 58, 59, 77, 79]. Geological [62, 67,
68] and paleomagnetic [61, 75] data east and southeast
of Tibet fit well with the model of lateral extrusion from
the collision zone. Some authors employ this mecha-
nism to explain the development of Alpine structures in
Asia north of Tibet and extend its effect as far as to Lake
Baikal [38, 66] or even to the Sea of Okhotsk [74].

The proposed India–Eurasia convergence accom-
modation mechanisms imply different scales and types
of strike-slip movements in Central Asia. The lateral
extrusion mechanism, for instance, supposes that such
movements have a large amplitude. Firstly, the lateral
extrusion implies a significant crustal shortening north

of Tibet (hereafter this term means Tibet proper and the
Kunlun, for the sake of brevity). Secondly, the lateral
extrusion is inevitably associated with intense deforma-
tions and/or large-scale shearing of the initially consol-
idated continental crust, most probably accompanied
by block rotations. Therefore, a paleomagnetic analysis
enables one to verify various models of the structural
evolution of Central Asia: general shortening can be
deduced from paleolatitude analysis and the magni-
tude, sign, and areal extent of rotation, from paleomag-
netic declination analysis. Note that it is impossible to
estimate in quantitative terms the extent of shortening
and the spatial distribution of rotation zones accompa-
nying the lateral extrusion because of the complexity of
deformations in such a process; however, a qualitative
consistence must be fulfilled: large-scale extrusion
requires significant strike-slip displacements and
appreciable rotations over large areas.

The Tien Shan is an ideal test area for such investi-
gations. If the effect of lateral extrusion was significant
here, this mechanism can really be regarded as a far-
ranging one. On the contrary, if lateral extrusion did not
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Abstract

 

—A paleomagnetic study of Paleogene basalts from the Tien Shan was carried out to evaluate a crustal
shortening to the north of Tibet during the India–Eurasia collision. The mean inclination of the prefolding and,
presumably, primary magnetization component in the basalts was found to be close to the early Cenozoic ref-
erence values as recalculated from the paleomagnetic polar wander path analysis for Eurasia. A comparison of
the published measured and expected (reference) paleomagnetic inclination values for the last 270 Ma (Late
Permian to Quaternary) suggests that the Permo-Triassic data on the Tien Shan and adjacent structures are con-
sistent with the data on Eurasia within the uncertainty limits, whereas most Cretaceous and Paleogene inclina-
tions in sedimentary rocks are shallower than the expected values, especially concerning the Cenozoic data. The
nontectonic origin of Cretaceous and Paleogene shallowed inclinations is argued, so that the total crustal short-
ening, including the effect of collision, lies well within the paleomagnetic data uncertainty limits and, most
probably, does not exceed a few hundred kilometers. An analysis of Cretaceous and Paleogene declinations to
the north of Tibet showed that the systematic large-scale rotations took place only near the Pamirs in connection
with the Pamir wedge indentation. The Late Cenozoic rotation zone was bounded by the Talas–Fergana Fault;
no Alpine rotations occurred east of this fault as far as Qaidam. Because the significant crustal shortening and
extensively developed rotations are inevitable for a large-scale lateral extrusion, this mechanism cannot explain
the structural pattern of Central Asia north of Tibet. This means that the India–Eurasia convergence for a dis-
tance of 2500 km during the last 50 Ma was almost completely accommodated within Tibet and the Himalayas.
It has been shown that the insignificant Alpine displacements along faults in the Tien Shan were not accompa-
nied by rotation, whereas the Permo-Triassic strike-slip displacements amounted to several tens of kilometers
and were systematically accompanied by counterclockwise rotation through angles up to 90

 

°

 

. Thus, the Tien
Shan structural pattern arose from the Late Paleozoic left-slip movements, whereas the Alpine compression just
selectively rejuvenated some older faults.
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Fig. 1.

 

 (A) Schematic structural map of Central Asia and (B) schematic geological map of the study area. Panel A: Solid lines are
major faults; dashed line is the Talas–Fergana Fault (TFF) (modified after [38]); FB—Fergana Basin, TD—Tajik Depression. Cir-
cles indicate paleomagnetic sampling sites in Cenozoic sequences in the Zaisan (Z) and Chu (C) depressions [71]. The rectangle
indicates the area discussed in this article. Panel B: Filled circles indicate Paleogene basalt sampling sites.
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play a significant role in the structural evolution of the
Tien Shan, the latter must behave as a barrier for the
northern parts of Eurasia merely due to its geographical
position (Fig. 1A). This paper presents new paleomag-
netic data on the Cenozoic rocks from the central Tien
Shan and the results of paleolatitude and rotation angle
analysis together with an estimation of displacements
along faults of various ages for the whole Tien Shan and
adjacent areas during the last ~270 Ma.

GEOLOGICAL BACKGROUND

The sector of Asia north of Tibet discussed in this
paper (Fig. 1a) consists of structures with different
Paleozoic tectonic histories. By the mid-Permian, how-
ever, all oceans in this region closed [4], and, as com-
monly assumed, it became a part of the Eurasian plate,
occasionally involved in younger intraplate movements
[24]. The Triassic occurs here locally, whereas Jurassic
and younger deposits rest upon the Paleozoic and Tri-
assic rocks with a sharp angular unconformity. Numer-
ous relatively small basins originated in the region
almost simultaneously at the Triassic–Jurassic bound-
ary and then were filled with Jurassic clastic sediments.
Early Cretaceous rocks in the region are absent (Central
Tien Shan) or consist of lagoonal and coastal red beds
and less abundant marine sediments (Tajik and Fergana
depressions and the western Tarim). During the Late
Cretaceous and Paleogene, a shallow-water sea existed
in the western and southwestern parts of the region. The
Cretaceous is absent east of the Talas–Fergana Fault,
where the Paleozoic basement is unconformably over-
lain by the Paleocene–Eocene clastics and carbonates
of the Kokturpas Formation, with locally developed
basalt flows at the base. In the Oligocene and early
Miocene the sea retreated, and the whole Tien Shan
became an area of clastic sedimentation with an upsec-
tion increase in the proportion of conglomerates. This
trend and the fission-track timing of the uplift episodes
[64] testify to the differentiated vertical movements
during the Miocene. No regional angular unconformi-
ties are recorded in the Tien Shan from the Jurassic to
the Miocene; the bulk of the deformations took place in
the late Miocene and especially in the Pliocene and
Quaternary [15]. The intensity of Alpine deformation
reveals wide lateral variations. The broad anticlines in
Tarim are usually buried beneath the recent sediments.
The zones of steep folds in the Tien Shan alternate with
weakly deformed areas without any marked northward
waning of folding. Most of the Alpine folds, reverse
and thrust faults in the Tien Shan are E–W trending.
The fault vergence is generally oriented toward fore-
deeps, i.e., to the Tarim Basin in the south and to the
Chu and Ili basins, in the north.

PALEOMAGNETIC ANALYSIS

Most Cenozoic paleomagnetic data on Central Asia
were obtained from sedimentary rocks, red beds in par-

ticular, except for one basalt flow in the northern Tien
Shan [69]. As is well known [19 and others], magnetic
inclination in sediments is sometimes shallowed. This
can be reliably assessed from the studies of igneous
rocks, but only when (a) it is possible to establish the
initial position of these rocks and (b) the rocks were
formed long enough for an averaging of secular geo-
magnetic field variations. The Paleocene basic igneous
rocks identified in a number of localities in the Tien
Shan [7, 9] are represented either by minor intrusions
that do not meet both conditions (a) and (b) or by iso-
lated thin basalt flows that do not meet requirement (b).
Luckily, a basalt flow series with a total thickness of
about 80 m was found in the southern Aksai Depression
near the China–Kyrgyzstan boundary (Fig. 1B). Three
K–Ar datings of the basalts yielded 50–74 Ma [8]
unlike other basalts from Kyrgyzstan, which are dated
around 50 Ma, although with a certain scattering of
results [7].

In the studied Section T, the number of lava flows is
no less than 5 [9]. Section B at a distance of 10 km from
the former contains lava varieties unknown in Section
T. Consequently, the number of studied flows is wit-
tingly more than 5, but it is difficult to correlate flows
between the sections and to count the exact number of
flows. A total of 101 basalt samples were collected from
18 sites. Lavas differ in strike and dip azimuths and
angles, but are flat-lying in both sections.

An unstable magnetization component was removed
by heating up to 

 

200–300°C

 

. After that, the main com-
ponent of reversed polarity falling into the origin of
coordinates in Zijderveld diagrams was determined in
almost all cases; the complete demagnetization of sam-
ples in the interval of 

 

570–600°C

 

 suggests that magne-
tite is the main magnetization source (Figs. 2A and 2B).
The directions of this component are well grouped in
each point, and the fold test [54] indicates its prefolding
origin (Figs. 2C and 2D; Table 1). The average inclina-
tion of this component (I = 

 

–54.0 

 

±

 

 3.8°

 

) is small but
statistically significant and shallower by 

 

7.9 

 

±

 

 4.8°

 

 than
the reference value for 50 Ma derived from the recalcu-
lation of the Eurasian polar wander path [31]. The dif-
ference becomes statistically insignificant when com-
pared with reference inclination values at 60 and 70 Ma,
which fits into the age determination uncertainty (Table 2).
(See [30] for a more detailed description of these results
and interpretation).

VARIOUS ESTIMATES OF CRUSTAL 
SHORTENING TO THE NORTH OF TIBET

The crustal shortening resulting from Alpine defor-
mations was estimated using various techniques. The
pre-Alpine base levels were investigated along a system
of profiles in various parts of the Tien Shan, and short-
ening was estimated everywhere as only a few percent
[22]. The most typical are the results from five trans-
Tien Shan profiles, where the shortening varies
between 10 and 50 km; of that, the shortening between
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Tarim and Kazakhstan along three profiles ranges from
24 to 39 km. We believe, however, that this method
yields only the minimum possible shortening value.

Investigations using the Global Positioning System
(GPS) suggest that the velocity of convergence between
Tarim and Kazakhstan is 

 

12 

 

±

 

 1

 

 mm/yr [23]. The gen-
eral shortening was estimated at 70–90 km on the
assumption that this process began approximately
10 Ma ago and was proceeding at an approximately
constant rate [32]. Other authors estimate the upper
limit of the Tien Shan shortening at 200 km [25].
To summarize, Tarim–Eurasia convergence during the
Late Cenozoic did not exceed 200 km based on geolog-
ical and geophysical data.

As is well known, the convergence of blocks can be
reliably established from geological data, whereas the
extent of convergence is estimated much less reliably,
and then only its minimum value. This accounts for the

frequent attempts to determine the extent of crustal
shortening between India and Eurasia from paleomag-
netic data [40, 45, 50]. Because the most important
deformations in Central Asia occurred in the late Cen-
ozoic, the Cretaceous and/or Cenozoic data were usu-
ally employed. But, as mentioned above, all oceanic
basins north of Tibet closed by mid-Permian time at the
latest [4] and, hence, pre-Cretaceous paleomagnetic
data can also be employed. The Cretaceous and Ceno-
zoic data on Central Asia were analyzed with reference
to Eurasia’s polar wander path for the last 200 Ma [31],
and the Permo-Triassic data, with reference to a less
detailed curve [73].

For the Late Permian and Triassic inclinations in the
Tien Shan (Fig. 3A), the differences between the mea-
sured and expected Eurasian values are insignificant
and random (Figs. 3B and 4, nos. 32–39; Table 2).
Moreover, there are no appreciable differences between
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 (A and B) results of thermal demagnetization and (C and D) stereograms of site-mean directions of the main magnetization
component in the Paleogene basalts from the Central Tien Shan in the present-day geographic (C) and paleogeographic (D) grids.
Panels A and B: Filled (open) circles indicate the projections onto a horizontal (vertical) plane in a paleogeographic grid; tempera-
ture is given in degrees Celsius and magnetization, in mA/m. Panels C and D: Circles indicate site-mean directions with confidence
circles (fine dashed lines); asterisk and dotted line indicate the common mean direction and its confidence circle; all data are pro-
jected onto the upper hemisphere. PrGG and PalGG are the present-day geographic and paleogeographic grids, respectively.
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the data on the northern and southern margins of the
Tien Shan (cf. nos. 38, 39 and 33, 34 in Figs. 3B and 4
and Table 2); nor does the inclination in the Permian
rocks of southern Tarim differ from the Eurasian refer-
ence value (Table 2, no. 40). Thus, the displacement of
the Tien Shan and Tarim relative to Eurasia from the
Late Permian to the present day are well within the data
uncertainty. It is impossible to define the limits, but a
northward displacement of even 500 km would change
the difference between measured and reference values
considerably (see dashed line in Fig. 3B). Conse-
quently, the convergence between the Tien Shan and
Eurasia from the Late Permian to Recent is much less
than this value.

Most Cretaceous inclinations are shallower than
the reference values by 

 

10°–20° 

 

(Fig. 4, nos. 24, 25,
and 27–31; Table 2), and this gave grounds to infer a
significant crustal shortening to the north of Tibet
[45, 50, and others]. However, Paleogene inclinations
in the Tien Shan and adjacent areas are 

 

20°–30°

 

 shallower

than the reference values (Fig. 4, nos. 5–15; Table 2);
nevertheless, no attempts were made to interpret this
difference in tectonic terms, probably because of the
extremely large displacements obtained. Indeed, the
direct conversion of inclinations into paleolatitudes
suggests that Central Asia was a part of the Eurasian
plate during the Permian and Triassic, and the total
extension north of the Tien Shan in the Cretaceous and
Paleogene attained more than 2000 km by the end of
the Paleogene.

This interpretation, however, contradicts many pale-
omagnetic and geological data, which can be summa-
rized as follows:

(1) All the data on the Cretaceous were obtained
from sedimentary rocks, red beds mostly, where incli-
nations can be shallowed. Moreover, the special works
established a significant shallowing in the Lower Creta-
ceous red beds from northern Tarim [65];

 

Table 1. 

 

 Results of paleomagnetic study of the Paleogene basalts from the Tien Shan

Site N
PrGG PalGG

D

 

°

 

I

 

°

 

D

 

°

 

I

 

°

 

c

 

α

 

95

 

°

 

T1 6/3 214.7 –63.1 204.3 –59.1 70 14.8

T2 5/5 172.1 –66.2 168.5 –59.4 65 9.6

T3 5/5 211.8 –67.0 200.2 –62.5 399 3.8

T4 6/5 204.1 –57.9 196.8 –53.0 369 4.0

T5 6/6 204.3 –61.5 196.0 –56.6 47 9.8

T6 6/6 186.8 –58.1 181.9 –52.0 22 14.5

T7 6/6 215.4 –55.4 207.5 –51.6 251 4.2

T8 6/6 211.6 –59.4 203.0 –55.1 48 9.7

T9 5/5 201.1 –60.6 193.5 –55.4 505 3.4

T10 5/5 207.7 –55.7 200.6 –51.1 133 6.7

T11 5/5 186.2 –47.2 182.8 –41.1 253 4.8

T12 7/7 186.5 –45.7 183.2 –39.7 74 7.1

T13 7/6 213.7 –67.8 201.4 –63.5 42 10.4

All T (13/13) 200.5 –59.6 193.3 –54.3 69 5.0

B1 5/4 239.2 –55.1 209.1 –56.7 126 6.8

B2 5/5 226.9 –57.5 196.9 –54.6 43 14.1

B3 4/3 221.1 –55.2 194.6 –50.8 469 5.7

B4 6/6 217.3 –50.3 195.5 –45.5 70 8.1

B5 6/6 227.3 –60.5 193.3 –56.7 92 7.0

All B (5/5) 225.9 –56.0 197.6 –53.0 180 5.7

CA (19/19) 208.1 –59.1 56 4.6

194.6 –54.0 85 3.8

F(2, 32) = 3.3 f = 8.75 f = 0.4

 

Note: Sampling site locations are shown in Fig. 1A; (CA) common average; (N) number of samples (sites) studied/used; (PrGG) present-day
geographic and (PalGG) paleogeographic grids; (D) declination; (I) inclination; (c) concentration [46]; (

 

α

 

95

 

) radius of confidence
circle; (F) critical value of F distribution at 95% confidence level (numbers in parentheses are the degrees of freedom); (f) calculated
value of this statistics.
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Table 2. 

 

 Measured and expected paleomagnetic directions and kinematic parameters for Central Asia

No. Age F

 

°

 

 

 

±

 

 

 

∆

 

F

 

°

 

R

 

°

 

 

 

±

 

 

 

∆

 

R References

1 N

 

2

 

(2.5) 349 43 0 59 16 

 

±

 

 2 11 

 

±

 

 2 [35]
2 N

 

1

 

(20) 25 29 11 60 31 

 

±

 

 6 –14 

 

±

 

 10 [44]
3 N

 

1

 

(20) 358 40 10 60 20 

 

±

 

 7 12 

 

±

 

 10 [60, 76]
4 O–N

 

1

 

(21) 10 39 11 60 21 

 

±

 

 6 1 

 

±

 

 10 [37]
5 O(30) 343 36 10 57 21 

 

±

 

 8 27 

 

±

 

 12 [69]
6 O(30) 2 49 10 59 10 

 

±

 

 7 8 

 

±

 

 12 [69]
7 O–N(30) 336 33 9 54 21 

 

±

 

 11 33 

 

±

 

 15 [70]
8 O–N(30) 349 35 9 54 19 

 

±

 

 11 20 

 

±

 

 15 [70]
9 O–N(30) 336 30 9 53 23 

 

±

 

 11 33 

 

±

 

 14 [70]
10 O–N(30) 317 34 9 54 20 

 

±

 

 10 52 

 

±

 

 13 [70]
11 O–N(30) 3 30 9 53 23 

 

±

 

 8 6 

 

±

 

 11 [34]
12 O(30) 18 37 10 55 18 

 

±

 

 6 –8 

 

±

 

 10 [60, 76]
13 E–O(40) 5 37 15 60 23 

 

±

 

 11 10 

 

±

 

 17 [69]
14 E(40) 13 50 16 64 14 

 

±

 

 8 3 

 

±

 

 16 [36]
15 E(50) 4 24 11 58 34 

 

±

 

 8 7 

 

±

 

 10 [60, 76]
16 E(50) 15 54 11 61 7 

 

±

 

 5 –4 

 

±

 

 9 [30]
16a Pa(60) 15 54 11 56 2 

 

±

 

 5 –4 

 

±

 

 9 [30]
17 Pa(62) 28 30 11 53 23 

 

±

 

 11 –17 

 

±

 

 14 [47]
18 K

 

2

 

(80) 16 39 6 53 14 

 

±

 

 9 –10 

 

±

 

 14 [53]
19S K

 

2

 

(90) 350 56 11 56 0 

 

±

 

 6 21 

 

±

 

 11 [26]
20S K

 

2

 

(90) 357 58 10 55 –3 

 

±

 

 6 13 

 

±

 

 10 [26]
21S K

 

2

 

(90) 6 49 10 53 4 

 

±

 

 4 4 

 

±

 

 6 [29]
22S K

 

2

 

(90) 2 52 10 54 2 

 

±

 

 4 8 

 

±

 

 8 [29]
23S K

 

2(90) 356 49 10 53 4 ± 4 14 ± 6 [29]
24 K(105) 10 38 11 57 19 ± 22 1 ± 46 [37]
25 K(109) 18 40 9 59 19 ± 9 –9 ± 16 [39]
26 K(113) 32 50 12 55 5 ± 9 –20 ± 14 [49]
27 K1(120) 356 42 14 52 10 ± 6 18 ± 9 [26]
28 K1(120) 6 37 12 48 11 ± 6 6 ± 7 [29]
29 K(125) 16 29 17 56 27 ± 8 1 ± 10 [65]
30 K1(129) 22 42 14 56 14 ± 9 –8 ± 14 [53]
31 K(129) 13 49 15 58 9 ± 7 2 ± 13 [36]
32 T2–3(230) 355 70 55 63 –7 ± 6 60 ± 16 [28]
33 Pl–T1(250) 22 55 55 58 3 ± 5 33 ± 9 [55]
34 Pl(255) 8 48 48 47 –1 ± 5 41 ± 6 [28]
35 Pl(255) 350 56 50 50 –6 ± 5 60 ± 8 [3]
36 Pl(255) 358 58 51 52 –6 ± 6 53 ± 11 [3]
37 Pl(255) 28 50 52 54 4 ± 4 24 ± 7 [52]
38 Pl(255) 343 62 57 61 –1 ± 4 74 ± 8 [63]
39 Pl(255) 7 59 58 62 3 ± 7 51 ± 10 [56]
40* P(270) 30 52 52 51 –1 ± 7 22 ± 11 [47]

Note: # Modern dipole field was used for reference; * reference value was derived from interpolation between the Early and Late Permian
data [47]; No. is the site number; geological age of rocks: P—Permian, T—Triassic, K—Cretaceous, Pa—Paleocene, E—Eocene,
and O—Oligocene; age in Ma is given in parentheses. D and I are the declination and inclination of paleomagnetic directions; m and
r in subscript indicate measured and reference data; F (shallowing) is the difference between the reference and measured inclination
values with a measurement uncertainty of ∆F; R (rotation) is the difference between the reference and measured declination values
with a measurement uncertainty of ∆R; negative (positive) values of this parameter correspond to clockwise (counterclockwise) rota-
tion. Measurement uncertainties were calculated according to [41].
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(2) The inclinations of the secondary component of
Late Cretaceous age in the Lower Cretaceous red beds
of the Tajik Depression [29] and the Fergana Depres-
sion [26] coincide with the Eurasian reference values
(Fig. 4, nos. 19–23; Table 2);

(3) The inclination in the Paleogene and Cretaceous
basalts of the Tien Shan is much steeper than in sedi-

mentary rocks and is almost equal to the reference val-
ues (Fig. 4, nos. 16 and 26; Table 2);

(4) The consolidated continental crust in Central
Asia wittingly existed in the Late Cretaceous, and
large-scale movements in the region must be accompa-
nied by deformations. The age of all Cenozoic defor-
mations north of Tibet are less than 10 Ma. Hence, the
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Fig. 3. (A) Paleomagnetic sampling sites in the Upper Permian and Triassic sequences in the Tien Shan and (B) measured versus
reference inclinations for the Late Permian and Triassic data for the Tien Shan. Panel A: Filled circles are numbered as in Table 2;
gray-colored regions are areas with elevations above 2000 m; dashed lines are faults (modified after [38]). Panel B: Vertical lines
are uncertainty limits; theoretical graphs in the absence of lateral displacement (solid line) and for the general northward displace-
ment of the Tien Shan by 500 km during the last 270 Ma (dashed line). Site 40 in southern Tarim [47] is shown in Fig. 3A but not
employed for quantitative analysis (Fig. 3B) because of insufficiently precise timing (Permian, unspecified).
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northward movements could only occur during the Late
Cenozoic [48], and the velocity of the Tarim movement
would be much more than 15 cm/yr. This is greater by
an order of magnitude than the velocities of movements
inside continents, along the Talas–Fergana Fault for
example [33], and more than the velocity of India–Eur-
asia convergence;

(5) Inclinations of 30° less than the reference values
were detected in the Pliocene deposits from northern
Tarim [35], thus implying even higher velocities;

(6) Geological evidence for the enormous exten-
sions north of the Tien Shan in the Cretaceous and
Paleogene is completely lacking;

(7) All the large-scale movements deduced from
Cretaceous and Paleogene data would destroy the pre-
existed, particularly, pre-Permian geological links in
the Tien Shan and adjacent areas. For example, in com-
pliance with the Cretaceous paleomagnetic data on
Tarim, one has to tear the Tien Shan apart in the middle:
its western half would remain intact, while the eastern,
near-Tarim part, would be offset several hundred kilo-
meters to the south [50].

The discrepancies between the geological and pale-
omagnetic data disappear if we admit the shallowing of
inclination in the Cretaceous and Cenozoic sedimen-
tary rocks. This hypothesis was discussed earlier
[40 among others] but was rejected for the following
reasons. Firstly, the shallowing of inclinations in the

Central Asian red beds is refuted by good consistence
of regional data [40, 50]. But this argument is not con-
vincing, because most results were obtained from sim-
ilar red beds, where the same distorting factor might
affect all of the measurements. So, whereas the Creta-
ceous paleolatitudes are still attributed to crustal short-
ening between Eurasia and Tibet [50], other mecha-
nisms are attracted to the interpretation of the Paleo-
gene data [34, 40] despite the same regional
consistence.

The second argument against the shallowing of
inclinations is the absence of significant magnetic
anisotropy (anisotropic magnetic susceptibility –AMS)
[34, 40]. But the low AMS in red beds can be controlled
by other factors, such as a small admixture of clastic
magnetite, which hardly will affect the paleomagnetic
directions but contributes much to the AMS value. In
any case, inclinations in the Lower Cretaceous red beds
from northern Tarim are strongly shallowed, while
AMS is not higher than a few percent [65].

Thus, the low AMS values and the regionally con-
sistent inclinations in red beds DO NOT imply that the
inclinations are not shallowed. On the contrary, some
facts, such as the coincidence of measured and expected
inclinations in basalts along with the much shallower
inclinations in coeval sediments, provide direct evidence
in support of this phenomenon (Table 2). Consequently,
the inclinations of magnetic components in the Creta-
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ceous and Cenozoic red beds cannot be employed
directly for an estimation of horizontal movements in
Central Asia. The other data suggest that crustal short-
ening within Tarim and the Tien Shan and their dis-
placements relative to Eurasia from the Permian to the
Recent fall within the limits of paleomagnetic data
uncertainty and are most probably much shorter than
500 km.

ANALYSIS OF PALEOMAGNETIC 
DECLINATIONS

Paleomagnetic data for the Permian, Mesozoic, and
Cenozoic of the study area were analyzed using only
the data obtained from full progressive demagnetiza-
tion and component analysis. Rotation angles were
determined as the difference between the expected
[31, 73] and measured declinations, and uncertainties
were estimated according to [41].

The Cretaceous and Cenozoic rotation angles for the
same areas differ within the accuracy of the estimation
technique throughout the entire region. All rotations
were therefore post-Paleogene and most probably
occurred during the last 10 Ma along with the main
deformation [15].

The oroclinal bend of the Outer Pamirs Zone was
formed in the Late Cenozoic, when the Pamir wedge
indented northward [2]; paleomagnetic declinations are
thus northwesterly in the southwest of the zone and
easterly and northeasterly, in the east. The paleomag-
netic data supporting this conclusion do not comply
with present-day standards, but a resampling of the
Paleogene [70] and Cretaceous [29] rocks from the
southern part of the zone confirmed the previous inter-

pretation. Declinations are strongly scattered in the east-
ern part of the arc [37] but are generally NE- and E-ori-
ented, at about 50° on average, indicating a significant
clockwise rotation consistent with less reliable data on
the Transalai Range [2]. The secondary origin of the
Pamir arc is additionally supported by paleomagnetic
data on the Late Paleozoic in the North Pamirs [27].

Significant differential counterclockwise rotations
were also revealed in the Tajik Depression (Fig. 5),
where the rotation angle gradually decreases away from
the Pamirs [70]. The anticlockwise rotation of the Fer-
gana depression and surrounding mountains through
some 20° also was detected [26, 29]. Looking at a map
(Fig. 5), one can suggest that the rotations were induced
by the indentation of the Pamirs and the westward and
northwestward extrusion of the surrounding structures.

The overwhelming majority of paleomagnetic decli-
nations east of the Talas–Fergana Fault coincide with
reference values within the uncertainty limits (Fig. 5;
Table 2). In the rare cases of statistically significant
rotation angles (Fig. 5; Table 2), they are not systematic
and small in value; in all probability, they are of local
importance, e.g., in the center of Tarim (Fig. 5, no. 2),
or are related to the movements along the Altyn Tagh
(nos. 3 and 17) or the Talas–Fergana (nos. 1 and 26)
faults. Another Alpine rotation domain is located near
the northeastern and eastern margins of Tibet [43, 61].
In the Zaisan Depression (Z in Fig. 1A) north of the
Tien Shan, rotations were not detected; farther north-
east, rotations were noticed in the Chu Depression in
the Altai (C in Fig. 1A) [71], but their regional signifi-
cance is questionable. Thus, no Alpine rotations took
place over much of Central Asia north of Tibet (Fig. 5).
It should be emphasized that this statement does not
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depend on possible dating and/or declination measure-
ment errors, because all reference declinations in the
study area coincide within the limits of 5°.

To summarize, the Alpine rotations are confined
either to the Pamirs indentation or to the areas east of
Tibet, where rotations are attributed to the lateral extru-
sion [43, 61]. The absence of rotations in the Tien Shan
and Tarim, on the contrary, militates against lateral
extrusion north of Tibet. This is supported by inclina-
tion analysis, which testifies to the small extent of
crustal shortening over the last 270 Ma. Neotectonic
measurements also indicate a purely compressive
stresses and minor lateral shortening of the Earth’s
crust over much of the Tien Shan [23, 32].

Thus, no lateral extrusion of structures took place in
the Tien Shan or adjacent areas, except where the pro-
cess was local and small-scale. As mentioned above,
the Tien Shan, due to its geographical position, was a
barrier for further northward propagation of extrusive
stresses. It is very unlikely that the Tien Shan and Tarim
could move for considerable distances as a single rigid
body, because this would inevitably destroy older struc-
tural connections between the Tien Shan and Kazakh-
stan. Hence, a significant extrusion north of the Tien
Shan was also unlikely. The total crustal shortening in
the Tien Shan was less than paleomagnetic data uncer-
tainties and did not exceed 200 km from geological evi-
dence [25]. This estimate is less than 10% of the total
crustal shortening of 2500 km between India and Eur-
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asia. This implies that much of the shortening was
accommodated within Tibet and the Himalayas. Note
that Late Cenozoic displacements of several hundred
kilometers were proved for the Altyn-Tagh Fault and
conjugate structures [78]. Most likely, this fault pre-
cisely defined the northern boundary of the zone that
accommodates the crustal shortening.

WERE THERE SIGNIFICANT ROTATIONS 
IN THE TIEN SHAN AND WHEN?

Based on the structural patterns, first of all, on the
fault systems, some authors regard the Alpine structure
of the Tien Shan as a result of lateral extrusion accom-
panied by large-scale rotations [11, 12, 72]. As has been
shown above, no Late Cenozoic rotations are docu-
mented east of the Talas–Fergana Fault. At the same
time, significant rotations in this region were deduced
from the Permo-Triassic paleomagnetic data, because
all declinations of this age exhibit counterclockwise
rotation through various angles [3]. The largest rota-
tions are obviously confined to the central Tien Shan,
where rotation angles are as high as 80°–90° against less
than 20° on the periphery of the belt. These rotations
occurred from the latest Permian to the Triassic. As has
been demonstrated earlier [3], the rotated Permo-Trias-
sic declinations could not be explained by the rotation
of the belt as a whole and are related to the rotations
within the lift-slip zone extending approximately paral-
lel to the present-day trend of the Tien Shan. The weak
point in this model is a lack of geological evidence
despite the obvious signs of strike-slip movements in
local areas [4, 10]. This is related to the limited outcrop-
ping of the Upper Permian and especially Triassic rocks

in the region and to the scarcity of structural data on the
Late Paleozoic and Early Mesozoic deformations.

Thus, we witness a paradox: significant late Alpine
rotations are suggested in the Tien Shan east of the
Talas–Fergana Fault from geological data but not sup-
ported by paleomagnetic data, and on the contrary, the
Permo-Triassic rotations through up to 90° in the Tien
Shan [3] are reliably established from paleomagnetic
data but lack structural evidence. It should be empha-
sized that the absence of Late Cenozoic rotations does
not imply the absence of rotations through less than
±10° that fall within the common limits of paleomag-
netic data uncertainty or are related to local deforma-
tions such as the plunging of fold axes. We are speaking
about rotations through 30°–60° inferred by some
authors [12].

The late Alpine rotations [12] were suggested from
the analysis of Alpine structures. As regards the paleo-
magnetic data employed, magnetization predated the
folding and, as indicated by some facts, may be pri-
mary; consequently, the rocks acquired magnetization
before any Alpine deformation. This means that no
major Alpine rotations took place over much of the
region and the obvious rotation-related geometry of
some structures requires an explanation.

We analyzed displacements along faults in the Cen-
tral Tien Shan (Fig. 6; Table 3) east of the Talas–Fer-
gana Fault. The offset of Middle Carboniferous con-
glomerates suggests that the Baidulla Fault is a right-
slip fault with a strike separation of 32 km (Fig. 6a).
The age of movements is confirmed by a series of Late
Paleozoic intermediate and acid dikes and minor bodies
that fill the tension gashes along the Baidulla Fault

Table 3.  Alpine and pre-Alpine lateral displacements along strike-slip faults in the Tien Shan

No. Fault Sense of
displacement

Displacement
Reference

P–Cz Cz

1 Chilik–Kemin (northern) Left-lateral 20 km (190 km*) 15 m** [1, 6] 

2 Chilik–Kemin (southern) Left-lateral ? 3–4 km (300 m**) [16, 21]

3 Toguzbulak Left-lateral ? 0.7 km [16]

4 Shamsy Left-lateral ? 2.5 km [16]

5 Beshtash–Terek Right-lateral 17 km ? [10]

6 Tyulek Left-lateral 20 km 4 km [16, 18] 

7 Baidulla Right-lateral 32 km ?

8 Nikolaev Line Left-lateral 60 km ∼8@ km [17], this work

9 Atbashi–Inylchek Left-lateral Great# ? [4]

10 Akbeit Left-lateral ? 6 km [5]

11 Kipchak Left-lateral 80 km ? [20]

Note:   * Displacement may amount to 190 km (L.I. Skrinnik, unpublished);
** Late Quaternary displacement;
@ Strictly speaking, the Cenozoic displacement shown in Fig. 6B is 5 km, and the remainder (3 km) was calculated beyond the figure limits;
# The displacement was not determined exactly, but it should be great judging from the wide development of horizontal S-folds asso-
ciated with the fault. P is Permian and Cz is Cenozoic. Question mark indicates that data are not available.
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proper and its second-order feather joints. The Late
Paleozoic left-slip displacement of 60 km along the
Nikolaev Line has been established from the strike sep-
aration of the Middle Carboniferous Sonkul granitic
pluton and the metamorphics of the Lesser Naryn com-
plex (Fig. 6A), whereas the Cenozoic offset for 8 km
was identified from the strike-slip duplex separation
(Fig. 6B). And finally, the Late Paleozoic offset for
20 km and the Cenozoic offset for 4 km along the
Tyulek Fault were determined from the displacements
of the zonal metamorphic complex and the strike-slip
duplex, respectively [16, 18]. Unfortunately, the strike-
slip movements for at least one time interval were
established for a very small number of faults (Fig. 7;
Table 3). Nevertheless, the available data suggest that
the Alpine strike-slip displacements are always no
greater than one or two kilometers and cannot account
for the significant rotations of large structures. The
older (most probably Permo-Triassic) displacements
for several tens of kilometers (Table 3), on the contrary,
may well be responsible for the large rotations estab-
lished from the Permo-Triassic paleomagnetic data [3].

The seeming controversy between structural [11,
12, 72] and paleomagnetic data vanishes away if we
assume much of the present-day structural pattern, the
fault system in particular, to be of Permo-Triassic rather
than Alpine age and a result of left-lateral strike-slip
deformation. All researchers agree that the Alpine com-
pressive stresses actually affected the Tien Shan. This is
supported by the thrusting of Meso-Cenozoic
sequences over the Paleozoic rocks reported from many
localities. Ancient faults of an E–W orientation were to

be rejuvenated first, and the faults of this orientation
should arise from precisely Permo-Triassic shearing. The
suggestion that the neotectonic uplifts and depressions
were inherited from the Paleozoic structural pattern was
proposed as far back as the 1950s [13, 14, 42], but an
attempt to purposefully compare the Late Paleozoic and
neotectonic structural patterns was made only recently
[16]. However, the evidence is still insufficient… .

CONCLUSIONS

The paleomagnetic data of the Paleogene basalts
from the Tien Shan have shown that the inclinations of
prefolding and, in all probability, primary magnetiza-
tion in these rocks are close to the Early Cenozoic ref-
erence values as derived from Eurasian APW paths.
Geological data suggest that the consolidated continen-
tal crust to the north of Tibet was formed by the mid-
Permian, and this makes it possible to compare the
measured paleomagnetic data with reference values
from the Late Permian to the Recent, that is, for approx-
imately the last 270 Ma. The Permo-Triassic data on the
Tien Shan and adjacent structures are consistent with
data on Eurasia within the uncertainty limits, and this
testifies to the absence of significant convergence
between Tarim and Eurasia. On the contrary, much of
the Cretaceous and Paleogene inclinations in sedimentary
rocks are shallower than the reference values. Geological
and paleomagnetic data suggest that the Cretaceous and
Paleogene low-angle inclinations are not of tectonic origin
and, hence, the total crustal shortening north of Tibet,
including the effect of collision, falls within the limits of
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paleomagnetic data uncertainty and most probably does
not exceed a few hundred kilometers.

The Cretaceous and Paleogene declinations to the
north of Tibet suggests that significant systematic rota-
tions occurred only close to the Pamirs in connection
with its indentation. The area of Late Cenozoic rota-
tions was bounded by the Talas–Fergana Fault: no rota-
tions are recorded east of this fault as far as to Qaidam.
Because the appreciable crustal shortening and wide-
spread rotations are the necessary attributes of the
large-scale lateral extrusion [68, etc.], this mechanism
can hardly be responsible for the formation of the Cen-
tral Asian structural grain north of Tibet. This implies that
the India–Eurasia convergence over 2500 km during the
last 50 Ma was almost completely accommodated
within the Himalayas and Tibet.

These conclusions come in conflict with the results
obtained by researchers who attributed the Alpine
structural pattern of the Tien Shan to the lateral extru-
sion and suppose the occurrence of large-scale rotations
here [11, 12, 72]. However, as has been shown above,
the real Alpine displacements were fairly small and not
accompanied by rotation. The Permo-Triassic strike-
slip movements, on the contrary, amounted to several
tens of kilometers with rotation through angles up to
90°, always counterclockwise. These facts allowed us
to offer the hypothesis that the structural pattern of the
Tien Shan was created by the Late Paleozoic left-slip
movements, and the Alpine compressive stresses only
selectively rejuvenated some of these faults.

ACKNOWLEDGMENTS

The results of this work were reported at the Geo-
logical Institute of the Russian Academy of Sciences
and Michigan University and we thank the participants
of these workshops for their questions and criticism.
We are grateful to V.S. Burtman and V.G. Trifonov for
their helpful reviews. This work was supported by the
Russian Foundation for Basic Research (project
no. 00-05-64148), by the National Scientific Founda-
tion of the United States (grant EAR no. 9909231), and
the Swiss National Scientific Foundation (grant
no. 7KSPJ065518).

REFERENCES

1. K. E. Abdrakhmatov, S. Tompson, R. J. Weldon, et al.,
“Active Faults in the Tien Shan,” Nauka Novye Tekh-
nologii, No. 2, 22–20 (2001).

2. M. L. Bazhenov and V. S. Burtman, Structural Arcs of
the Alpine Belt. Carpathians–Caucasus–Pamirs (Nauka,
Moscow, 1990) [in Russian].

3. M. L. Bazhenov and V. S. Burtman, “Late Paleozoic
Deformations in the Tien Shan,” Geotektonika 31 (3),
56–65 (1997) [Geotectonics 31 (3), 218–227 (1997)].

4. G. S. Biske, “Late Paleozoic Collision of the Tarim and
Kyrgyz–Kazakhstan Paleocontinets,” Geotektonika 30
(1), 31–39 (1995).

5. G. S. Biske, E. I. Zubtsov, and G. S. Porshnyakov, Her-
cynides of the Atbashi-Kokshaal Region in the South
Tien Shan (Leningrad State Univ., Leningrad, 1985) [in
Russian].

6. Geological Map of the Kazakh SSR. Southern Kazakh-
stan Series. Scale 1 : 500000. Explanatory Notes, Ed.
by. S. E. Chakabaev (Alma-Ata, 1981) [in Russian].

7. A. F. Grachev, “Early Cenozoic Magmatism and Geody-
namics of the Northern Tien Shan,” Fiz. Zemli, No. 10,
26–51 (1999).

8. G. L. Dobretsov and I. A. Zagruzina, “Specific Features
of Recent Basaltic Magmatism in the Eastern Tien
Shan,” Dokl. Akad. Nauk SSSR 235 (3), 648–651
(1977).

9. T. A. Dodonova, “Late Orogenic and Platform Volcanic
and Volcanic-Plutonic Complexes,” in Geology of the
USSR. Kyrgyz SSR, Ed. by K. D. Pomazkov (Nedra,
Moscow, 1972), pp. 44–54 [in Russian].

10. V. V. Kiselev and V. G. Korolev, “Strike-slip Faults and
Rotational Structures in the Western Kyrgyz Range,” in
Proceedings of the Tien Shan Geology, Ed. by M. M. Ady-
shev (Akad. Nauk Kyrgyz SSR, Frunze, 1964), pp. 147–
152 [in Russian].

11. M. L. Kopp, “Structural Patterns Associated with Longi-
tudinal Displacements within Foldbelts, a Case of the
Mediterranean-Himalayan Belt,” Geotektonika 26 (1),
21–36 (1991).

12. M. L. Kopp, Structures of Lateral Extrusion in the
Alpine-Himalayan Collision Belt (Nauchnyi Mir, Mos-
cow, 1997) [in Russian].

13. V. G. Korolev, “The Inherited Origin of Some Mesozoic-
Cenosoic Basins in the Northern Tien Shan,” Trudy Inst.
Geol., Akad. Nauk Kyrgyz SSR, No. 7, 87–94 (1956).

14. N. P. Kostenko, V. I. Makarov, and L. I. Solov’eva, “Neo-
tectonics,” in Geology of the USSR: Kyrgyz SSR (Nedra,
Moscow, 1972), Vol. 25, Book 2, pp. 249–271 [in Rus-
sian].

15. V. I. Makarov, Neotectonics of the Central Tien Shan
(Nauka, Moscow, 1977) [in Russian].

16. A. V. Mikolaichuk, “Structural Setting of Thrusts in the
Central Tien Shan Neotectonic Orogen,” Geol. Geofiz.
41 (7), 961–970 (2000).

17. A. V. Mikolaichuk, V. V. Kotov, and S. I. Kuzikov,
“Structural Setting of the Lesser Naryn Metamorphic
Complex and the Boundary between the Northern and
Middle Tien Shan,” Geotektonika 29 (2), 75–85 (1995).

18. A. V. Mikolaichuk and V. V. Kotov, “Late Caledonian
Granite-Gneiss Dome in the Karakudzhur River Basin”
in Geology and Geography of the Kyrgyz Republic
(Bishkek, 1999), pp. 43–46 [in Russian].

19. A. N. Khramov, G. I. Goncharov, R. A. Komissarova,
V. V. Pisarevskii, I. A. Pogarskaya, Yu. S. Rzhevskii,
V. P. Rodionov, and E. M. Gurevich, Paleomagnetology
(Nedra, Leningrad, 1982) [in Russian].

20. E. V. Khristov, “Collisional Structures in the Sarydzhaz
Syntaxis Region,” in Reports of Tectonics, Geodynamics
and Metallogeny in the Urals–Tien Shan Fold System
(Uralian Division, Acad. Sci. USSR, Sverdlovsk, 1989),
pp. 154–155 [in Russian].

21. O. K. Chediya and A. M. Korzhenkov, “Long-term Pres-
ervation of the Ancient Catastrophic Seismic Event
Signs in Topography, a Case of the Chilik–Kemin Epi-



392

GEOTECTONICS      Vol. 38       No. 5      2004

BAZHENOV, MIKOLAICHUK

central Zone in the Northern Tien Shan,” Geomor-
fologiya, No. 3, 88–98 (1997).

22. S. L. Yunga and F. L. Yakovlev, “The Pamirs–Tien Shan
Region,” in Neotectonics, Geodynamics, and Seismicity
of Northern Eurasia, Ed. by A. F. Grachev (Joint Insti-
tute of Physics of the Earth, Moscow, 2000) pp. 431–434
[in Russian].

23. K. Y. Abdrakhmatov, S. A. Aldazhanov, B. H. Hager,
et al., “Global Positioning System Bound on the Rate
and Duration of Crustal Shortening across the Tien Shan,
Kyrgyzstan and Kazakhstan,” Nature 384, 450–453
(1996).

24. M. B. Allen, A. M. C. Sengor, and B. A. Natal’in “Jung-
gar, Turfan and Alakol Basins as Late Permian to ?Early
Triassic Extensional Structures in a Sinistral Shear Zone
in the Altaid Orogenic Collage, Central Asia,” J. Geol.
Soc. London 152, 327–338 (1995).

25. J. P. Avouac, P. Tapponnier, M. Bai, et al., “Active
Thrusting and Folding along the Northern Tien Shan and
Late Cenozoic Rotation of Tarim Relative to Dzungaria
and Kazakhstan,” J. Geophys. Res. 98, 6755–6804 (1993).

26. M. L. Bazhenov, “Cretaceous Paleomagnetism of the
Fergana Basin and Adjacent Ranges, Central Asia: Tec-
tonic Implications,” Tectonophysics 221, 251–267 (1993).

27. M. L. Bazhenov, “Permo-Triassic Paleomagnetism of
the North Pamir: Tectonic Implications,” Earth Planet.
Sci. Lett. 142, 109–120 (1996).

28. M. L. Bazhenov, A. Chauvin, M. Audibert, and N. M. Leva-
shova, “Permian and Triassic Paleomagnetism of the
Southwest Tien Shan: the Timing and Mode of Tectonic
Rotations,” Earth Planet. Sci. Lett. 118, 195–212 (1993).

29. M. L. Bazhenov, H. Perroud, A. Chauvin, et al., “Paleo-
magnetism of Cretaceous Red Beds from Tadjikistan and
Cenozoic Deformation Due to India-Eurasia Collision,”
Earth Planet. Sci. Lett. 124, 1–18 (1994).

30. M. L. Bazhenov, A. V. Mikolaichuk, “Paleomagnetism
of Paleogene Basalts from the Tien Shan, Kyrgyzstan:
Rigid Eurasia and Dipole Geomagnetic Field,” Earth
Planet. Sci. Lett. 195, 155–166 (2002).

31. J. Besse and V. Courtillot, “Apparent and True Polar
Wander and the Geometry of the Geomagnetic Field in
the Last 200 Million Years,” J. Geophys. Res. 107,
10.1029/2000JB000050 (2002).

32. D. W. Burbank, R. J. Weldon, K. Weberling, et al.,
“Chronology of Cenozoic Mountain Building and Fore-
land Deposition in the Kyrgyz Tien Shan,” EOS Trans.
AGU, Fall Meeting Suppl. 81 (48), F1156 (2000).

33. V. S. Burtman, S. F. Skobelev, and A P. Molnar, “Late
Cenozoic Slip on the Talas–Fergana Fault, Tien Shan,
Central Asia,” Geol. Soc. Am. Bull. 108, 1004–1021
(1996).

34. A. Chauvin, H. Perroud, and M. L. Bazhenov, “Anoma-
lous Low Paleomagnetic Inclinations from Oligocene–
Lower Miocene Red Beds of the Southwest Tien Shan,
Central Asia,” Geophys. J. Int. 126, 303–313 (1996).

35. J. Chen, D. W. Burbank, K. M. Scharer et al., Magneto-
chronology of the Upper Cenozoic Strata in the South-
western Chinese Tien Shan: Rates of Pleistocene Fold-
ing and Thrusting," Earth Planet. Sci. Lett. 195, 113–130
(2002).

36. Y. Chen, J. P. Cogne, V. Courtillot, et al., “Paleomagnetic
Study of Mesozoic Continental Sediments along the

Northern Tien Shan (China) and Heterogeneous Strain in
Central Asia,” J. Geophys. Res. 96 (B3), 4065–4082
(1991).

37. Y. Chen, J. P. Cogne, and V. Courtillot, “New Cretaceous
Paleomagnetic Results from the Tarim Basin, North-
western China,” Earth Planet. Sci. Lett. 114, 17–38
(1992).

38. P. R. Cobbold, and P. Davy, “Indentation Tectonics in
Nature and Experiment: 2. Central Asia,” Bull. Geol.
Inst. Univ. Uppsala N. S. 14, 143–162 (1988).

39. J. P. Cogne, Y. Chen, V. Courtillot, et al., “A Paleomag-
netic Study of Mesozoic Sediments from the Junggar
and Turfan Basins, Northwestern China.” Earth Planet.
Sci. Lett. 133, 353–366 (1995).

40. J. P. Cogne, N. Halim, Y. Chen, and V. Courtillot,
“Resolving the Problem of Shallow Magnetizations of
Tertiary Age in Asia: Insights from Paleomagnetic Data
from the Quingtang, Kunlun, and Qaidam Blocks (Tibet,
China) and a New Hypothesis,” J. Geophys. Res. 104,
17715–17734 (1999).

41. H. H. Demarest, Jr., “Error Analysis for the Determina-
tion of Tectonic Rotation from Paleomagnetic Data,”
J. Geophys. Res. 88, 4321–4328 (1983).

42. N. L. Dobretsov, M. M. Buslov, D. Delvaux, et al.,
“Meso- and Cenozoic Tectonics of the Central Asian
Mountain Belt: Effects of Lithospheric Plate Interaction
and Mantle Plumes,” Int. Geology Rev. 38, 430–466
(1996).

43. G. Dupont-Nivet, R. F. Butler, A. Yin, and X. Chen,
“Paleomagnetism Indicates no Neogene Rotation of the
Qaidam Basin in Northern Tibet during Indo-Asian Col-
lision.” Geology 30, 263–266 (2002).

44. G. Dupont-Nivet, Z. Guo, R. F. Butler, and C. Jia, “Dis-
cordant Paleomagnetic Direction in Miocene Rocks
from the Central Tarim Basin: Evidence for Local Defor-
mation and Inclination Shallowing,” Earth Planet. Sci.
Lett. 199, 473–482 (2002).

45. R, J. Enkin, Z. Yang, Y. Chen, and V. Courtillot, “Paleo-
magnetic Constraints on the Geodynamic History of the
Major Blocks of China from the Permian to the Present,”
J. Geophys. Res. 97, 13953–13989 (1992).

46. R. A. Fisher, “Dispersion on a Sphere,” Proc. Roy. Soc.
London Ser. A. 217, 295–305 (1953).

47. S. A. Gilder, X. Zhao, R. S. Coe. et al., “Paleomagnetism
and Tectonics of the Southern Tarim Basin, Northwest
China,” J. Geophys. Res. 101, 22015–22032 (1996).

48. S. Gilder, Y. Chen, and S. Sen, “Oligo-Miocene Magne-
tostratigraphy and Rock Magnetism of the Xishuigou
Section, Subei (Gansu Province, Western China) and
Implications for Shallow Inclinations in Central Asia,”
J. Geophys. Res. 106, 30505–30521 (2001).

49. S. Gilder, Y. Chen, J.-P. Cogne, et al., “Paleomagnetism
of Upper Jurassic to Lower Cretaceous Volcanic and
Sedimentary Rocks from the Western Tarim Basin and
Implications for Inclination Shallowing and Absolute
Dating of the M–0(ISEA) Chron,” Earth Planet. Sci.
Lett. (2003) (in press).

50. N. Halim, J.-P. Cogne, Y. Chen, et al., “New Cretaceous
and Early Tertiary Paleomagnetic Results from Xining-
Lanzhou Basin, Kunlun and Quangtang Blocks, China:
Implications on the Geodynamic Evolution of Asia,”
J. Geophys. Res. 103, 21025–21046 (1998).



GEOTECTONICS      Vol. 38        No. 5      2004

STRUCTURAL EVOLUTION OF CENTRAL ASIA TO THE NORTH OF TIBET 393

51. X. Le Pichon, M. Fournier, and L. Jolivet, “Kinematics,
Topography, Shortening, and Extrusion in the India-Eur-
asia Collision,” Tectonics 11, 1085–1098 (1992).

52. Y. P. Li, M. McWilliams, A. Cox, et al., “Late Permian
Paleomagnetic Pole from Dykes of the Tarim Craton,”
Geology 16, 275– 278 (1988).

53. Y. P. Li, Z. K. Zhang, M. McWilliams, et al., “Mesozoic
Paleomagnetic Results of the Tarim Craton: Tertiary Rel-
ative Motion between China and Siberia,” Geophys. Res.
Lett. 15, 217–220 (1988).

54. P. L. McFadden and D. L. Jones, “The Fold Test in Palae-
omagnetism,” Geophys. J. Roy. Astron. Soc., No. 67,
53–58 (1981).

55. P. L. McFadden, X. H. Ma, M. W. McElhinny, and
Z. K. Zhang, “Permo-Triassic Magnetostratigraphy in
China: Northern Tarim,” Earth Planet. Sci. Lett. 87, 152–
160 (1988).

56. S. Y. Nie, D. B. Rowley, R. Van der Voo, and M. Li,
“Paleomagnetism of Late Paleozoic Rocks in the Tien
Shan, Northwestern China,” Tectonics 12, 568–579 (1993).

57. P. Patriat and J. Achache, “India-Eurasia Collision Chro-
nology has Implications for Crustal Shortening and
Driving Mechanism of Plates,” Nature 311, 615–621
(1984).

58. G. Peltzer and P. Tapponnier, “Formation of Evolution of
Strike-Slip Faults, Rifts, and Basins during the India-
Asia Collision: an Experimental Approach,” J. Geophys.
Res. 93, 15085–15117 (1988).

59. C. M. Powell and P. J. Conaghan “Plate Tectonics and
the Himalayas,” Earth Planet. Sci. Lett. 20, 1–12 (1973).

60. P. E. Rumelhart, A. Yin, E. Cowgill, et al., “Cenozoic
Vertical Axis Rotation of the Altyn Tagh Fault System,”
Geology 27, 819–822 (1999)

61. K. Sato, Y. Liu, Z. Zhu, et al., “Tertiary Paleomagnetic
Data from Northwestern Yunnan, China: Further Evi-
dence for Large Clockwise Rotation of the Indochina
Block and Its Tectonic Implications,” Earth Planet. Sci.
Lett. 185, 185–198 (2001).

62. U. Scharer, L. S. Zhang, and P. Tapponnier, “Duration of
Strike-Slip Movements in Large Shear Zones: the Red
River Belt, China,” Earth Planet. Sci. Lett. 126, 379–397
(1994).

63. R. Sharps, Y. P. Li, M. McWilliams, and Y. Li, “Paleo-
magnetic Investigation of Upper Permian Sediments in
the South Junggar Basin, China,” J. Geophys. Res. 92,
1753–1765 (1992).

64. E. Sobel, A. Mikolaichuk, C. Jie, and D. Burbank,
“Development of the Late Cenozoic Central Tien Shan
in Kyrgyzstan and China Recorded by Apatite Fission
Track Thermochronology,” EOS Trans, AGU, Fall Meet-
ing Suppl. 81 (48), F1156 (2000).

65. X. Tan, K. P. Kodama, H. Chen, et al., “Paleomagnetism
and Magnetic Anisotropy of Cretaceous Red Beds from
the Tarim Basin, Northwest China: Evidence for a Rock
Magnetic Cause of Anomalously Shallow Paleomag-
netic Inclinations from Central Asia,” J. Geophys. Res.
108 (B2), 10.1029/2001JB001608 (2003).

66. P. Tapponnier and P. Molnar, “Active Faulting and Cen-
ozoic Tectonics of the Tien Shan, Mongolia and Baykal
Region,” J. Geophys. Res. 84, 3425–3459 (1979).

67. P. Tapponnier, G. Peltzer, and K. Armijo, “On the
Mechanics of the Collision between India and Asia,” in
Collision Tectonics, Ed. by M. P. Coward, A. C. Ries
(Geol. Soc. Spec. Publ., 1986), pp. 115–157.

68. P. Tapponnier, R. Lacassin, P. H. Leloup, et al., “The
Ailao Shan/Red River Metamorphic Belt and Tertiary
Left-Lateral Shear between Indochina and South China,”
Nature 343, 431–437 (1990).

69. J.-Ch. Thomas, H. Perroud, P. R. Cobbold, et al.,
“A Paleomagnetic Study of Tertiary Formations from the
Kyrgyz Tien Shan and Its Tectonic Implications,” J. Geo-
phys. Res. 98, 9571–9589 (1993).

70. J.-Ch. Thomas, A. Chauvin, D. Gapais, et al., “Paleo-
magnetic Evidence for Cenozoic Block Rotations in the
Tadjik Depression (Central Asia),” J. Geophys. Res. 99,
15141–15160 (1994).

71. J.-Ch. Thomas, R. Lanza, A. Kazansky, et al., “Paleo-
magnetic Study of Cenozoic Sediments from the Zaisan
Basin (SE Kazakhstan) and the Chuya Depression (Sibe-
rian Altai): Tectonic Implications for Central Asia,” Tec-
tonophysics 351, 119–137 (2002).

72. A. Tibaldi, E. Graziotto, F. Forcella, and V. H. Gapich,
“Morphotectonic Indicators of Holocene Faulting in
Central Tien Shan, Kazakstan, a Geodynamic Implica-
tions,” J. Geodynamics 23, 23–45 (1996).

73. R. Van der Voo, Paleomagnetism of the Atlantic, Tethys
and Iapetus Oceans (Cambridge Univ. Press, New York,
1993).

74. D. M. Worrall, V. Kruglyak, F. Kunst, and V. Kuznetsov,
“Tertiary Tectonics of the Sea of Okhotsk, Russia: Far-
Field Effects of the India-Eurasia Collision,” Tectonics
15, 813–826 (1996).

75. Z. Yang and J. Besse, “Paleomagnetic Study of Permian
and Mesozoic Sediments from Northern Thailand Sup-
ports the Extrusion Model for Indochina,” Earth Planet
Sci. Lett. 117, 525–552 (1993).

76. A. Yin, “Correction Cenozoic Vertical-Axis Rotation of
the Altyn Tagh Fault System,” Geology 28, 479–480
(2000).

77. A. Yin, T. M. Harrison, F. J. Ryerson, et al., “Tertiary
Structural Evolution of the Gangdese Thrust System,
Southeastern Tibet,” J. Geophys. Res. 99, 18175–18201
(1994).

78. A. Yin, P. E. Rumelhart, R. Butler, et al., “Tectonic His-
tory of the Altyn Tagh Fault System in Northern Tibet
Inferred from Cenozoic Sedimentation,” Geol. Soc. Am.
Bull. 114, 1257–1295 (2002).

79. W. Zhao and J. W. Morgan, “Injection of the Indian
Lower Crust into Tibetan Lower Crust: a Two-Dimen-
sional Finite Element Model Study,” Tectonics 6, 489–
504 (1987).

Reviewers: V.S. Burtman and V.G. Trifonov


