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Abstract

The Jiaoluotage ductile compressional zone (JDCZ) in the eastern Tianshan Mountains, China, developed in volcanic and sedimentary
rocks that were deposited in a Carboniferous back-arc basin situated between the Jungar plate and middle Tianshan terrane. The ductile
compressional zone, ~ 500 km long and 20-50 km wide, consists of a number of east-trending vertical foliation zones that display an augen
geometry in plan view and a fan-like geometry in transverse profiles. Ductile compressional deformation has produced pervasive foliation,
radial stretching lineations, contemporaneous folds, and various macroscopic to microscopic symmetric structures within the JDCZ.
Rotations of most clasts and porphyroclasts are bidirectional. The preferred orientation patterns of the optical axes of calcite and quartz
display axial or orthorhombic symmetry. Three kinds of strain patterns have been determined in the JDCZ: apparent flattening, plane strain
and apparent constriction. The overall strain character of the JDCZ is ‘cream-cake’ style. The volcanic and sedimentary rocks within the
JDCZ were metamorphosed into greenschist facies with temperature of 400—600 °C and pressure of 300—400 MPa. Development of the
JDCZ is interpreted as due to N—S coaxial compression caused by the collision between the Tarim plate and the middle Tianshan arc—
Jiaoluotage basin—Jungar plate system during the Permian between 270 and 290 Ma.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Since Clough (1897) put forward the concept of ductile
faulting and Griggs (1936, 1940) carried out his famous
experiments, ductile deformation has been considered as an
important tectonic mechanism (Lee, 1945, 1946; Wang,
1949). Since the 1970s, the concept of ductile shear zones
(Ramsay and Graham 1970) has been advanced significantly
(e.g. Ramsay, 1980; White et al., 1980; Zheng and Chang,
1985; Ramsay and Huber, 1987; Zheng et al., 1988).

Recent studies suggest that high strain zones are not
confined to a simple shear and plain-strain model, and
ductile deformation zones with apparent flattening and
constriction have also been reported (e.g. Choukroune
and Gapais, 1983; Fletcher and Bartley, 1994; Bauer and
Hudleston, 1995). Sanderson and Marchini (1984) used the
term ‘transpression’ to refer to three-dimensional high-
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strain zones that were caused by oblique convergence and
characterized by horizontal shortening and vertical
lengthening.

Ramsay and Huber (1987) suggested that some high-
strain zones with a ‘cream cake’ strain pattern may be
induced by coaxial compression and they are referred to as
ductile compressional zone (DCZ) by Yue and Ma (1990).
This paper describes the large-scale Jiaoluotage ductile
compressional zone (JDCZ) with symmetric fabrics and a
‘cream-cake’ strain character in the eastern Tianshan
Mountains, China.

2. Geological setting

The JDCZ situated to the south of the Tuha basin is a part
of the Jiaoluotage tectonic belt in the eastern Tianshan
Mountains (Fig. la). The tectonic belt, composed of
Carboniferous volcanic and sedimentary rocks, is located
between the middle Tianshan terrane and Jungar plate.
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Fig. 1. Tectonic setting (a) and distribution (b) of the JDCZ. Line A—A’ shows location of profile A-A’ in Fig. 3.
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The Carboniferous volcanic and sedimentary rocks
within the Jiaoluotage tectonic belt are divided into the
Yamengshu and Ganduan Formations. The Yamengshu
Formation (C;y) consists of basalt and sandstone in the
lower part, andesite and andesitic pyroclastic rocks in
the middle part, and limestone and fine-grained clastic
sedimentary rocks in the upper part. The 5000-m-thick
Yamengshu Formation is mainly present in the northern
and southern parts of the volcano-sedimentary basin.
The 3000-m-thick Ganduan Formation (C,g) consists of
sandstone, conglomerate, limestone, bioclastic lime-
stone, pelite, and siliceous rocks. It is mainly present
in the middle part of the volcano-sedimentary basin.
The basin was a back-arc basin related to the northward
subduction of the Tarim Paleo-ocean plate under the
Jungar plate (Ma et al., 1990; Xiao and Feng, 1990).
The Carboniferous volcanic and sedimentary rocks
underwent greenschist facies metamorphism from
276 =7 to 290 £7Ma (Rb-Sr and Sm-Nd ages;
Yang et al., 1999).

There are abundant Hercynian intrusive rocks in the
Jiaoluotage tectonic belt that include ultramafic rocks,
diorite, and granites. The ultramafic rocks and diorites
were intruded between 296 and 316 Ma, after the first
deformation event (Hu et al., 1997). Some syntectonic
granites of dripshape or irregular bands intruded into
weakly deformed blocks within the JDCZ between 260
and 287 Ma (Ji et al., 1994; Yang et al., 1999). Other
granites intruded after the formation of the JDCZ, with
ages ranging from 210 to 250 Ma (Ji et al., 1994).

The Jiaoluotage tectonic belt contains four generations of
E—W-trending structures: D; folds, D, vertical foliation
zones, D3 conjugate low-angle brittle fractures, and Dy
strike-slip faults. The D, folds are broad and gentle. Folded
bedding is overprinted and strongly transposed by an S,
vertical foliation. The S, vertical foliation is truncated by
the D3 conjugate low-angle brittle fractures and by Dy
strike-slip faults. The vertical foliation zone with symmetric
fabrics developed during the main compressional tectonic
event (D) is referred to as the JDCZ. They are
unconformably overlain by Permian conglomerates and
sandstones.

3. Geometry of the JDCZ

The E—W-trending JDCZ is distributed in an area
between 90°30/ and 95°30'E longitude, 42° and 42°30'N
latitude (Fig. 1b). It is more than 500 km long, and 20—
50 km wide. It consists of several vertical foliation zones
that have different geometries in different parts.

In the western part (Kanguer area; Fig. 2) of the JDCZ,
anastomosing foliation zones form a phacoidal geometry.
Several augen structures are present in the northern arcuate
foliation zone, and from west to east their strikes change
from SW to W to NW. In the eastern part of Fig. 2, foliations

converge towards a point south of syntectonic granite. In the
southwestern part of Fig. 2, an arcuate foliation zone is
convex northwards. Diorite and syntectonic granite are
common in weakly deformed symmetrical phacoids.

The E—W-trending foliations in the Nanbeidagou area in
the middle part of the JDCZ are distributed in parallel strips
in plan view and have a symmetrical fan-shape in cross-
section (Fig. 3). In the eastern part of the JDCZ (Fig. 1), the
vertical foliation zones in the Huanshan area have a
symmetrical lozenge shape that trend E-W.

4. Ductile deformation features
4.1. Foliation and stretching lineations

Foliation and stretching lineations in the JDCZ are
defined by preferred alignment of metamorphic mica and
crystallized calcite and quartz. The foliation (Fig. 4a and b)
is parallel to the boundaries of its host deformation zone and
generally dips 65-80° to the north or south. It is more
pervasive in the central part of the JDCZ than the northern
and southern outer zones.

Stretching lineations do not display a universal orien-
tation throughout the JDCZ. Projections of stretching
lineations from 188 sites that plunge 0—90° to either the
east or west are distributed in an E-W great circle zone
(Fig. 5). However, stretching lineations have a consistent
orientation at outcrop-scale (Fig. 4c and d).

The attitudes of stretching lineations vary gradually
along the strike of a foliation subzone from horizontal to
downdip several times, forming several radial-style fans.
For example in the Kanguer area (Fig. 2), the pitch angles of
stretching lineations in the southeastern foliation zones vary
from 0 to 50° from the convergent point to the east; the pitch
angles of stretching lineations in the northern part of the
southwestern arcuate foliation zone gradually change from
30°E, 30°W to 30—50°E, and they finally pitch to the west.
The convergent points of stretching lineations are inter-
preted as the sites of intense shorting along the foliation
subzones.

The attitudes of stretching lineations vary abruptly across
adjacent foliation subzones, which indicates that these
foliation subzones have deformed independently. Four
major convergent points of radial-style stretching lineations
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Fig. 3. A structural transverse profile (A—A') in the Nanbeidagou area (see
Fig. 1 for location).
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Fig. 4. Photographs show foliation and stretching lineation structures. (a) Folded conglomerates (C) and sandstone (S) were overprinted by S2 vertical
foliations (VF) in the Huanshan area. The marker pen is 14 cm long. (b) S2 vertical foliations parallel to each other and to its host deformation zone, and cut by
D3 lower-angle brittle fractures (D;C) in the Kanguer area. The man is 162 cm high. (c) Stretching lineations on the vertical foliation surface in the Kanguer
area. The marker pen is 14 cm long. (d) Stretched pebbles (SP) aligned parallel to the stretching lineations and cut by D3 lower-angle brittle cleavages (D;C) in
the Huanshan area. The lens is 6 cm in diameter.

N

S

Fig. 5. Upper hemisphere, equal-area projections of stretching lineations
from 188 sites in the JDCZ.

have been recognized in the Kanguer, Tian’ehu, Nanbeida-
gou, and Huanshan areas within the JDCZ (Fig. 6). Large
syntectonic granites are intruded near the convergent points.

4.2. Contemporaneous folds and boudins

Contemporaneous folds (Williams, 1978) of foliations
and boudin structures are developed at both macro- and
micro-scales in intense deformation zones of the JDCZ.
Most contemporaneous folds are ‘A’-type folds, which can
be divided into two subtypes: Z-asymmetric folds and
symmetric upright folds (Fig. 7a). Symmetric upright folds
may gradually evolve into Z-asymmetric folds (Fig. 7b).
This suggests that the ‘A’-type folds in the JDCZ may have
resulted from localized shortening caused by flow-parallel
perturbations (Holdsworth, 1990), rather than by hinge
rotation (Sanderson, 1973; Bell, 1978; Williams, 1978).

Most boudin structures, including rectangular boudins
(Fig. 7c) and thin lenticular boudins (Fig. 7d), are symmetric
and parallel to the foliation zone with stretching axes
parallel to the stretching lineations. Most rectangular
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Fig. 6. Sketch showing stretching lineations and four convergent points in the JDCZ. Convergent points: (A) the Kangu’er area, (B) the Tian’ehu area, (C) the
Nanbeidagou area and (D) the Huangshan area.

Fig. 7. Photographs show contemporaneous folds and boudin structures. (a) Wavy symmetric upright ‘A’-type folds in the Huanshan area. The hammer is
30 cm long. (b) ‘A’-type symmetric upright folds (SUF) and slightly Z-asymmetric ‘A’-type folds (ZAAF) in the Huanshan area. The hammer is 30 cm long.
(c) Rectangular boudins in the Nanbeidagou area. The pencil is 16 cm long. Arrows show shorting directions. (d) Thin lenticular boudins in the Huanshan area.
The lens cover is 6 cm in diameter.
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Fig. 8. Relationship among the attitudes of foliation, stretching lineations and deformed pebbles. Upper hemisphere and equal area projections. k represents

Flinn k parameter. The sample sites of Figs. 10 and 11 are also shown.

boudins are present in the outer zones of the JDCZ, while
thin lenticular boudins are most prevalent in the middle part
of the intensive deformation zone.

4.3. Deformation of pebbles, clasts and porphyroclasts

Deformed pebbles, clasts and pyroclasts directly indicate
the kinematic characters and deformation style of the JDCZ.
Long axes of deformed pebbles are parallel to the foliations
and stretching linations (Fig. 4d). Relations among the

attitudes of foliations, stretching lineations and deformed
pebbles, and their corresponding Flinn k parameter (Fig. 8)
indicate that deformed pebbles are first rotated into
parallelism with the foliations and then with the stretching
lineations as stretching deformation proceeded progress-
ively with increasing k value. Shapes of deformed pebbles
are related to degree of deformation and strain pattern.
Oblate ellipsoidal pebbles (Fig. 9a and b) are common in the
outer subzones with an apparent flattening or a plane strain
pattern, whereas elongated spindle and pencil-like pebbles
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Fig. 9. Photographs show deformed pebbles. (a) Cake-like deformed pebbles in the Huanshan area. (b) Oblate ellipsoidal deformed pebbles in the Huanshan
area. The lens cover is 6 cm in diameter. (c) Pit structures (e.g. Ps1, Ps2 and Ps3) are present on an oblate surface (XY plane) of a stretched pebble (P1), a quartz
grain (Qgl) and a smaller stretched pebble are pitted into the P1 pebble. The intragranular foliation (If) of P1 deformed pebble is parallel to the elongation of
their host pebble and adjacent pebble (P2). (d) A bigger pit structure (Ps) is associated by folded intragranular foliation in a deformed pebble.

(Fig. 4d) are well developed in the intensely deformed
middle subzone. Pit structures are well developed on the
deformed pebbles surfaces, especially on those surfaces
parallel to the XY plane (Fig. 9c), suggesting intensive
interaction between matrix and pebbles. Intragranular
foliation within deformed pebbles is parallel to the
elongation of the host pebble and the foliation in matrix
generally (Fig. 9¢), and thinned and folded beneath some
bigger pitted structures (Fig. 9d). Bidirectional rotation of
matrix grains (e.g. quartz and feldspar), folding of matrix
grains and foliation in matrix (for example Q5 and Fz1 in
Fig. 10), and symmetric necking and pitted structures (Fig.
10) indicate that ductile deformation of the conglomerates is
due to a coaxial shortening perpendicular to the foliation
(Fig. 10). Intensive stretching deformation of the pebbles in
the JDCZ may be related to compression and pitting from
adjacent smaller pebbles and matrix grains.

Deformation features of clasts are related to the lithology
and deformation intensity of their host rocks. Clasts in
pelitic and sandy schist are elongated parallel to the foliation

(Fig. 11a) and their stretching axes are parallel to the
stretching lineations. Symmetric pinch-and-swell structures
suggest that these clasts were shortened perpendicular to the
foliation. Pressure shadows in weakly deformed pyroclastic
rocks are generally symmetric and aligned along the
foliation (Fig. 11b).

Deformation in the pyroclastic rocks is weak. Rotation
sense of feldspar and quartz pyroclasts is bidirectional.
Intragranular conjugate fractures (Fig. 11c) and boudin
structures were formed in quartz grains in the intensive
deformational zones. These structures indicate coaxial
shortening, although asymmetric boudins may have been
induced by a local component of simple shear.

Porphyroclasts in mylonite and mylonitic schist derived
from diorite and ultramatic rocks are lenticular and
symmetric, but some asymmetric porphyroclasts show
bidirectional shear senses. Occurrences of porphyroclasts
with opposite shear senses in the same flowing zone (Fig.
11d) suggest that the relative movements are local and
bidirectional.
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Fig. 10. Microphotographs of a deformed conglomerate (Sample p11-31) in XZsection from the Nanbeidagou area. Where a stretched pebble (P;) was strongly
compressed by two quartz grains (Q1 and Q2), the shortened structure (SS) and pitted structures (PS) formed. Clockwise and counterclockwise rotations of
quartz and feldspar in the matrix, such as Q3, Q4, Q6 and F1, are present. A folded quartz grain (Q5) and a folded foliation subzone (Fz1) are present beneath
two adjacent quartz grains (Q3 and Q4), which rotated in opposite directions. The arrows show formation stresses of the folded quartz. Sample locations are

shown in Fig. 8.

5. Petrofabrics and their dynamic significance

Petrofabrics of quartz schist and calcite schist from 22
sites in the JDCZ were analyzed by optical axial
measurement using a Fuers rotation platform, and by X-
ray petrofabric analyses in the Laboratory of Geomechanics
of the China Academy of Geological Sciences. Sample sites
and their corresponding petrofabrics are illustrated in Fig.
12.

The preferred orientations of optic axes of calcite
(samples pl15-16, p15-7, p11-36, p12-21 and p20-3) are
point maxima perpendicular to the local foliation plane (S),
with an axial symmetry. These fabrics in calcite are similar

to those produced by coaxial compression in laboratory
experiments (Turner and Weiss, 1963).

Preferred orientations of optical axes of quartz from
quartz schist at 17 sample sites (p6-2, p8-1, p11-31, p11-45,
pl4-14, p15-13, p15-18, p16-7, p16-19, p16-20, pl6-21,
pl7-6, pl7-7,p22-6, L3, L4 and L28) are variable, and show
point maxima perpendicular to foliation or parallel to
lineation, or small circle girdles. They correspond to axial
and orthorhombic symmetry, respectively. Compared with
the results of deformation experiments of quartz (Tullis
et al.,, 1973; Price, 1985), these symmetric small circle
girdles are most likely due to coaxial compression
perpendicular to foliation. These point maxima may have
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Fig. 11. Microphotographs of deformed clasts, pyroclastic and porphyroclastic structures. Sample locations are shown in Fig. 8. (a) Flattened quartz grains (Q)
are parallel to the foliation that is defined by oriented sericite. Sample p16-21 from the Kanguer area. (b) Pressure shadows parallel to the foliation. Pyrite is
black and quartz in pressure shadows is white. Sample p6-1 from the Kanguer area. (c) A set of conjugate intragranular fractures developed in a flattened quartz
grain. The white arrows show the compressive direction. Sample p15-21 from the Nanbeidagou area. (d) A pair of porphyroclasts with opposite shear senses
occurred in the same mylonitic zone. Sample p16-7 from the Kanguer area.

been produced by coaxial shortening (Lister and Hobbs,
1980; Price, 1985; Schmid and Casey, 1986; Zhong and
Gua, 1991).

6. Strain analysis and strain pattern
6.1. Strain analysis

Strain markers, such as pebbles, quartz grains, ooids and
pelitic nodules, were used to estimate the strain patterns of
the JDCZ. The average initial axial ratio of pebbles and
quartz grains in the JDCZ are measured and estimated as
2:1.5:1 and 1.5:1.25:1, respectively.

The strain of the JDCZ has been measured from 31 sites,
including seven outcrops for coarse pebbles (CP) and coarse
pelitic nodules (CPN), and 24 thin sections for fine pebbles
(FP), fine pelitic nodules (FPN), quartz grains (QG) and
ooids (O) (Table 1). Three principal axis lengths (x, y and z)
of deformed coarse pebbles and pelitic nodules were
measured directly in outcrops with more than 50 measure-

ments for each site. Two thin sections (XZ section and YZ
section) were made for every specimen, and almost all
deformed markers in thin-section were outlined (Fig. 13)
and their two principal axis lengths (x and z or y and z)
measured. A total of more than 100 grains were measured in
the two sections. Average ellipsoid shapes (Wheeler, 1986)
of deformed markers were obtained by determining the
geometric central point of the axis ratio plot area for outcrop
data and the geometric average axis ratio of X/Z and Y/Z for
thin-section data (Fig. 13), and used to calculate strain on
the assumption of constant volume. The initial shape of
pebbles and quartz grains were considered in the calcu-
lation. The strain data show that the Flinn k parameter varied
significantly from 0.43 to 4.51, and the principal stretching
strains change from 14 to 280% (Table 1).

6.2. Strain patterns and their distribution
There are three kinds of strain patterns in the JDCZ:

apparent flattening, plane strain, and apparent constriction
(Fig. 14), which are distributed regularly. Apparent
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Fig. 12. Equal area and upper hemisphere projections of petrofabrics in the JDCZ. All the petrofabric projections are symmetrical to the foliation. FQ: c-axes of
quartz with contours of 1-3-5-7%. XQ: c-axes of quartz with contours of 1-1.5-2.0-2.5-3.0%, determined by X-ray analysis. XC: c-axes of calcite with

contours of 1-1.5-2.0-2.5-3.0%, determined by X-ray analysis.

flattening and plane strain predominate in the outer weekly
deformed zones, while apparent constriction, especially
with higher principal stretching strains (e¢; > 1.00), occurs
mainly in the central zone of intensive deformation (Fig.
15). This suggests that the strain patterns are closely related
to the deformation intensity. The strain patterns vary both
longitudinally and laterally, and the strain is
inhomogeneous.

6.3. Strain character

These strain patterns and attitudes of strain ellipsoids
described above are referred to the local foliation and
stretching lineation of the deformed rocks in the measured
site. These are quite varied in the JDCZ and the overall
strain pattern of the JDCZ is still unclear.

Tectonic coordinates, defined by the trend (E), the
normal (S) and the downdip (D) of the entire EW-trending
vertical foliation zone are used as a uniform reference frame
in which to evaluate the strain character of the entire JDCZ.
The relation between the tectonic coordinates (E, D and S)
and attitude of the strain ellipsoid (X, Y and Z) is shown in
Fig. 16. For convenience, the strain components of the
principal strains parallel to the tectonic coordinates axes (E,
D and S) are defined as the effective strain components with
respect to the overall strain of the JDCZ, and called tectonic
strain components (eg, ep and eg) here. The tectonic strain

components (eg, ep and eg) of each site are calculated from
principal strain (e, e, and e3) as the following equations:

2mnl
e
BT Vm2n2sin20 + Pn2cos?6cos’a + m2Pcos? fsin’a (1)
-1
2mnl
ep =

Jm2n2cos? B + n22sin? Bsin?(a + ) + m2Psin2 Beos(a + 6)
-1
2)

2mnl

Jm2n2sin? B + n2Pcos?Beos?(a + 6) + m*2cos? Bsin(a + 6)

€s =

~1
3)

where m, n and [ represent three principal radii of the strain
ellipsoid and are equal to (1+e¢;)/2, (1+e,)/2 and
(1 + e3)/2, respectively, and «, B and 0 represent the pitch
angle of lineation (X axis) on foliation (XY plane), the dip
angle of foliation and the angle between the strike of
foliation in outcrop and that of the entire vertical foliation
zone (eastern direction), respectively.

The results (Table 1) show that the N-S strain
component (eg) vary from — 15 to —68%, with an average
value of —36%. The average E-W stretching strain (eg)
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Table 1
Strain data from the JDCZ

Site Measurement Average ellipsoidal shape Principal strain components Attitude Tectonic strain
components
Marker Number ey ey e3 Rxy Ryz K o B 0 eg es ep

P8-5 QG XZ-125/YZ-120 4.36:2.1:1 0.71 0 —-041 173 1.68 1.03 0 85S 0 071 -041 -0.01
P7-5 CPN 91 7.56:4.2:1 1.39 033 —-0.69 180 420 043 80E 80N 0 0348 —068 044
P7-23 QG XZ-123/YZ-118 2.64:1.25:1 046 —-0.13 —0.17 1.68 1.05 1.60 25W 80S 0 027 -0.16 -0.08
P8-23 QG XZ-116/YZ-122 2.53:1.26:1 041 —-0.15 —-0.16 1.67 1.01 1.66 5W 80N 10 036 —-0.15 —0.13
P7-3 FpP XZ-75/YZ-54 6.34:2.39:1 085 —0.1 —042 199 159 125 85E 85N 10 —0.12 -042 0.77
P7-2 FP XZ-69/YZ-59 4.36:2.76:1 0.37 0.16 —0.37 1.18 1.84 0.64 85E 85N 0 016 —-037 035
P16-21 QG XZ-132/YZ-120 4.75:1.57:1 1.00 —0.2 —0.37 252 126 201 15W 80SE 35 —-0.03 -036 0.09
P18 Cp 63 4.16:2.6:1 036 013 —035 120 173 0.69 70W 75SE 20 0.03 —033 0.23
P19 Cp 55 4.5:2.5:1 0.45 0.07 -036 135 167 081 70W 75SE 20 —-0.01 —034 028
P16-12 FP XZ-67/YZ-68 3.86:1.9:1 043 —-0.1 —026 152 127 120 60E 70N 15 —0.05 —-024 021
P17-16 QP XZ-132/YZ-120 2.8:1.5:1 043 —-0.1 —-024 156 120 130 30W 85S 15 0.16 —0.23 0.07
P17-15 QP XZ-121/YZ-114 3.2:1.4:1 060 —-02 —025 190 1.12 1.70 30E 85S 10 018 —025 —0.04
P17-4 FPN XZ-103/YZ-105 1.47:1.44:1 0.14 0.12 —-022 1.02 144 0.71 60W 75N 5 0.12 —0.21 0.10
P6-3 QP XZ-127/YZ-120 2.62:1.40:1 040 —-0.1 -—0.2 1.56 1.12 139 75E 75N 5 =008 —0.19 0.29
P6-17 QP XZ-118/YZ-117 3.1:1.4:1 056 —-02 —024 185 1.12 1.65 S0E 80S 10 —005 -024 0.17
P15-14 FP XZ-72/YZ-62 4.33:3.2:1 0.3 028 —-04 1.01 2.13 0.48 40E 70S 0 029 -037 0.08
P14-4 CP 78 4.48:2.8:1 039 016 —038 120 1.87 0.64 70W 758 0 018 —-036 021
P14-11 FPN XZ-115/YZ-109 2.5:1.7:1 054 005 —038 147 170 0.87 35E 70S 10 025 —-035 0.06
P11-14 FP XZ-62/YZ-68 6.9:4.24:1 0.61 032 —-053 122 283 043 75E 758 0 033 -052 022
P11-17 CPN 62 11:2.2:1 280 —-02 —065 5 220 227 80E 80S 0 —019 —0.65 0.66
P11-31 FP XZ-76/YZ-68 21.60:4.82:1 258 —0.16 —0.69 424 275 154 35W 80N 0 039 -069 —0.11
P13-10 FPN XZ-130/YZ-120 2.7:2.2:1 049 021 —0448 123 220 056 10W 85N 5 045 —0.45 0.21
P22-4 FP XZ-65/YZ-55 3.63:2.0:1 035 —-0.01 —-026 136 133 1.02 15W 85S 0 031 -026 001
P22-6 CP 89 13:1.8:1 228 —040 —050 542 120 451 ISE 80S 0 155 —-049 -0.01
P20-8 CP 58 3.36:1.6:1 038 —-01 —0.18 157 1.07 148 75W 758 0 —0.08 —0.17 0.26
P20-4 FP XZ-62/YZ-80 9.1:2.1:1 145 —0.25 —-046 325 140 232 80E 80S 10 —025 —046 094
P3-3 FP XZ-68/YZ-57 7.2:2.0:1 1.13 -02 —041 270 133 2.03 10W 80ONW 20 033 —-040 —0.11
P3-5 FP XZ-178/YZ-200 4.0:2.5:1 034 011 —033 120 1.67 0.72 25W 85NW 15 0.19 —0.33 0.18
P3-7 QP XZ-120/YZ-116 2.7:1.3:1 046 —02 —0.19 173 1.04 1.66 65W 80S 10 —0.15 -0.19 032
P2-5 (6] XZ-178/YZ-200 2.2:2.1:1 032 026 —04 1.05 2.10 050 0O 70NE 15 0.18 —0.37 0.07
P1-12 CPN 67 5.7:1.5:1 179 -03 —-051 3.80 1.50 253 0 85NW 15 0.58 —0.51 —0.28

The average values of tectonic strain from 31 sites

020 —-036 0.18

and the average vertical stretching strain (ep) are about 20
and 18%, respectively.

It is evident that the overall tectonic strain pattern,
defined by the average values of the tectonic strain
components from the 31 sites, is an apparent flattening,
with a N—S shortening component and E-W and vertical
extension. The total amount of shortening is more than
11 km and up to 27 km, with a shortening ratio of 36%. The
amount of horizontal stretching is approximately 71 km
with a stretching ratio of 20%, and the average vertical
stretching ratio is 18%.

The relations among the distribution of principal strain
patterns, foliation and lineations, and the overall tectonic
strains indicate that the JDCZ has a ‘cream-cake’ strain
character (Fig. 17; Ramsay and Huber, 1987). The mass
flowed radially with apparent constriction in the middle
intensive deformation zone. Plane strain and apparent
flattening are distributed in the outer subzones. The
‘cream-cake’ strain character suggests that the JDCZ was
formed by coaxial compression perpendicular to the JDCZ
(e.g. Ramsay and Huber, 1987).

7. Dynamic metamorphism and PT conditions

The metamorphism in the JDCZ is characterized by
progressive metamorphism. Fine-grained minerals (usually
smaller than 10 wm), such as quartz and calcite, are
recrystallized. However, dynamic recrystallization of larger
(usually larger than 200 pm) mineral clasts, crystal frag-
ments and phenocrysts of quartz and feldspar is common
too. Some new metamorphic minerals, such as sericite,
chlorite, chloritoid, biotite, muscovite, tremolite, diopside,
and serpentine, were formed during the ductile deformation.

The greenschist metamorphic facies can be subdivided into
chlorite—tremolite—phengite subfacies and chlorite—diop-
side—biotite subfacies. The chlorite—diopside—biotite sub-
facies is indicative of a relatively higher metamorphic
temperature of 500—600 °C (Winkler, 1979) and is located
in the middle deformation zone of the JDCZ, whereas the
chlorite—tremolite—muscovite subfacies with a temperature
of 400—500 °C (Winkler, 1979) is present in the southern and
northern outer deformation zones. The si content of phengite
in the JDCZ is about 3.2, suggesting a metamorphic pressure



1912

X.-W. Xu et al. / Journal of Structural Geology 25 (2003) 1901-1915

a = 2.50
&O§& &O g @g@ z " 228 x/z=2 2.: .
& o= 9 Co 0 2.00 .. s
NG ?) Qﬁy 0@ Q \/ 1.75 ° AR
o O o2 Gy 8 = & O ot
0 PN e R N Vo S S I
Checr s o0 5 O B e
C%Ooyg 0% co © @ %O X100 Ben,
D EZ G Gos (oD
A )= S
O o O O O Qpﬁ o 0.50
QQ% 00 o e -5 0.25 :
Of ~ ﬁOO 5 0 A 5 = o
O OOOO ﬂ O O 5cm 0.00 0.25 o:(or:{;;'om'zs 1.50
2.00
b /\y S g@ Q 1,80 yiz=2.1 :
on 2 DOy 0O 4
Q% QQ N) %QQQQQ Q) Q o 1.60 A
O aQ ~ < @6 o @ N 1.40 .\o v
© W) Oy 120 RS 4o
SSROS O 0 %QQ O o L. K
Q S 2 Q ) Q% O 6%@@0 > 0.80 o
O Re, T o VIV TRD
Q% 6‘%%@ C)Q § QQQQ & QQQ 0.40 A
QQO Q © QCD Q Q(gg Sl QQ 020 /o
Q QQQQQQQ@Q 5cm 00700 0.20 0,40 0.60 0.50 1.001.20
N z(mm)

Fig. 13. Outlines of deformed ooids and plots of principal axis length in XZ section (a) and YZ section (b) of specimen p2-5 from the Huanshan area.
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Fig. 14. Flinn plots of strain data from the JDCZ.

as high as 300—400 MPa (Velde, 1967), corresponding to a
minimum depth of 10 km.

8. Dynamic origin and evolution of the JDCZ

8.1. Dynamic origin

The radial stretching lineations at large scale and bi-
directional rotation of large grains at small- and micro-scale
indicate that there is no uniform shear sense throughout the
JDCZ, and simple shear deformation occurs only locally.
The ‘cream-cake’ strain character of the JDCZ shows that
the crust in the Jiaoluotage area was flattened during ductile
deformation. The geometric and kinematic characteristics,
including various typical contractional structures, and
symmetric petrofabrics of deformed minerals, indicate that
the JDCZ was formed from a N-S-oriented horizontal
compression that was perpendicular to the JDCZ.
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deformation zone.

8.2. Tectonic evolution of the JIDCZ

The ages of dynamic metamorphism and syntectonic
intrusive rocks (Ji et al., 1994; Yang et al., 1999) indicate

Fig. 16. A sketch of the relations between the tectonic coordinates (E, S, D)
and the axes of the strain ellipsoid (X, Y, Z). The m, nand [ are three
principal stretches of the strain ellipsoid, and &, rand d are tectonic strain
components in the tectonic coordinate axis direction. The «, 8 and 6 are
the pitch angles of the stretching lineation on the foliation, the dip angle of
the foliation and the angle between the strike of the foliation and that of the
entire vertical foliation zone (E—W direction), respectively.

that the JDCZ formed in the early Permian between 270 and
290 Ma. This is consistent with the closure time of the
Tarim paleo-ocean (Hao and Liu, 1993) and the rapid
expansion stage of the paleo-Tethyan ocean to the south
(Pang, 2000). The coincidence in time suggests a genetic
relation between the formation of the JDCZ and the other
two tectonic events.

During the Carboniferous, the Tarim paleo-ocean plate
was subducted beneath the Jungar plate, resulting in the
separation of the middle Tianshan terrane from the Jungar

Fig. 17. Strain character and dynamic model of the JDCZ. Radial stretching
lineations and intensive flattening effects indicate a typical ‘cream-cake’
strain character.
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Fig. 18. Sketch of dynamic origin of the JDCZ. (a) During the Carboniferous, (b) during the Permian.

plate and the formation of the middle Tianshan arc and
Jiaoluotage back-arc basin (Xiao and Feng, 1990; Ma et al.,
1990, 1997; Sheng and Jin, 1993; Liu et al., 1995). In the
early Permian, the paleo-Tethyan ocean was expanded
rapidly (Pang, 2000), such that the Tarim paleo-ocean plate
was driven northwards and collided with the middle
Tianshan terrane. Sedimentary and volcanic rocks in the
Jiaoluotage basin were intensively compressed. As a result,
a macro-scale high-strain zone (JDCZ) was formed. The
symmetric fabrics in the JDCZ were related to a coaxial
horizontal compressive stress (Fig. 18).

9. Conclusion

The vertical JDCZ, composed of Carboniferous sedi-
mentary and volcanic rocks, is characterized by augen
structures in plan view and fan-like geometry in transverse
profiles. It contains radial stretching lineations, and sym-
metric compressional structures and petrofabrics of
deformed minerals, and has a ‘cream-cake’ strain character.
The JDCZ was formed by N—S-oriented horizontal coaxial
compression, caused by the collision between the Tarim
paleo-ocean plate and the middle Tianshan arc—Jiaoluotage
basin—Jungar plate system in the early Permian (270-
290 Ma).
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