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Abstract Mafic dykes in continents are a special type of intrusive rock formed by
different tectonic events including earlier fracturing deformation in host rocks and
successive magma intrusions originating at depth. Dyke swarms indicate regional
crustal deformation related to continental formation and evolution, and play the
role of messenger regarding magma activities from the deeper crust or even mantle.
The large number of mafic dykes in Central Asia hold the keys to resolve some
debated tectonic problems such as subduction-accretion-collision processes during
the formation of Central Asia (the western part of the Central Asian Orogenic Belt).
However, spatial-temporal distribution patterns of mafic dykes in this vast area have
not been comprehensively described and discussed to date. This study carried out a
fundamental work on the spatial-temporal distribution patterns of dykes in Central
Asia, and is intended to provide basic preparation for more in-depth studies in the
future. In Enhanced Thematic Mapper Plus (bands 7, 4, and 2) images, major mafic
dykes (greater than 5 m wide) displayed as dark-colored linear objects against their
host rocks, and can be distinguished and plotted one-by-one and further analyzed
using Geographic Information System software. The results indicate that more than
99% of the mafic dykes were emplaced in the Eastern Tianshan and Beishan, West-
ern Mongolian-Altai, Eastern Junggar, North and West bank of Balkhash, Western
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Junggar, and Chingis-Taerbahatai. Most dykes formed during the Late Paleozoic,
and the occurrence of these dykes is a result of various regional fracturing processes
along different tectonic boundaries as well as immense magmatic intrusions (related
to subduction, post-collisional processes, or large igneous provinces/giant mantle
plumes). Other much older dykes were emplaced in the marginal areas of cratons,
such as the Neoproterozoic dykes that intruded into the metamorphosed basement
of the Tarim Craton (Aksu blueschist complex) and dykes emplaced in the Kuruktag
area, which record the break-off history of the cratons. This study provides a general
framework of mafic dykes in Central Asia on a large scale, and more intensive studies
of mafic dykes at medium to small scales in different areas need a combined appli-
cation of different observation methods, which will provide a better understanding
of the continental evolution of Central Asia.

Keywords Dyke swarms + Central Asia - Satellite images - Visual interpretation
Tectonic evolution

1 Introduction

As a special type of intrusive rock, mafic dykes are the consequence of earlier frac-
turing within the upper crust overprinted by successive magma intrusion from the
deeper crust or even mantle. Compared to dykes within oceanic crust (mafic sheeted
dyke complex in ophiolite suite; Moores 1982), continental mafic dykes are much
more complicated; nevertheless, they are significant for re-constructing tectonic his-
tories and geodynamical settings at different scales. At a continental scale, dyke
swarms are considered to represent the break-off and destruction of cratons (e.g.
Morgan 1971; Campbell and Griffiths 1990; Goldberg and Butler 1990; Zhao and
McCulloch 1993; Kamo and Gower 1994; Zhao and McCulloch 1994; Kamo et al.
1995; Li et al. 2012), such as the largest dyke on Earth (the Giant Dyke) in Zim-
babwe (Wilson 1982, 1996; Mukasa et al. 1998), dyke swarms in the North China
craton (Li et al. 1997; Hou et al. 1998; Li et al. 2001; Shao and Zhang 2002; Hou
et al. 2003; Peng et al. 2004; Peng 2010; Liu et al. 2017; Wang et al. 2017; Zhang
and Cheng 2017), and huge radial dyke swarms that are indicative of mantle plumes
(e.g. LeCheminant and Heaman 1991; Mertanen et al. 1996; Ma et al. 2000; Lu
and Jiang 2003; Xu et al. 2007). On a regional scale, dykes of different strike and
width elaborate spatial distribution patterns of dyke-filled fractures and intensities
of mafic magmatic intrusions. The dykes play an important role in the formation of
new crust in some orogenic zones (e.g. Li et al. 2005a; Chen et al. 2013). Moreover,
some mineral resources are closely linked to dyke swarms (e.g. Oberthur et al. 1997;
Schoenberg et al. 2003; Luo et al. 2008, 2012; Liu et al. 2014).

The significance of dyke swarms is increasingly highlighted by geological
societies. It can be concluded from the seven International Dyke Conferences
(IDCs) held in recent decades and numerous published papers that studies of dyke
swarms can be divided into the following aspects: (1) Geochemical information
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of dyke rocks, which is very important to understand the processes of continental
break-up, giant mantle plumes, and the interactions between mantle and crust; (2)
Transportation processes and mechanisms during intrusion of dyke magma within
the fractures in crust, as well as their contributions to continental growth and mineral
enrichment; (3) Later deformation acting on previous dykes, for instance, some
dykes are cut-off or curved; and (4) Formation mechanisms of dyke-filled fractures
in host rocks, and the driving paleo-stress conditions.Central Asia is a major part
of the Asian-European continent, and occupies most of the western Central Asian
Orogenic Belt (CAOB; Jahn et al. 2000; Jahn 2004; Windley et al. 2007; Xiao et al.
2008). The crust of this vast area was mainly created by subduction and closure of
the paleo-Asian Ocean (PAO) and a collage of continental slices, islands, marginal
accretionary complexes, and sporadic oceanic crust fragments (Sengor et al. 1993;
Windley et al. 2007; Li et al. 2009b; Xiao et al. 2009; Xiao et al. 2010a, b). To date,
some crucial issues related to accretion and collision evolution histories in different
parts of the CAOB, such as the timing of the closure of the PAO, are still hotly debated
(Li et al. 2002b; Shu et al. 2004; Gao et al. 2006; Xiao et al. 2006b; Zhang et al.
2007a). Meanwhile, the existence of Permian large igneous provinces (LIPs) or giant
mantle plumes in the Tarim and Eastern Tianshan in Xinjiang (Northwest China) also
needs comprehensive discussion (Xia et al. 2004, 2006, 2008; Zhang and Zou 2013).
Previous studies have mostly focused on accretionary complexes, granitic rocks,
and volcanic and sedimentary rocks. However, the large number of mafic dykes in
the CAOB have not paid sufficient attention. Investigations of the spatial-temporal
distribution patterns of dykes on a large scale of this area have not been carried out.

Considering this situation, it is crucial to accomplish a survey of the spatial-
temporal distribution patterns of dykes in Central Asia to provide fundamental data
and instructions for further specific studies, especially discussing the role of mafic
dyke swarms in the evolutionary history of the CAOB. Our investigations of the
mafic dyke swarms in Central Asia started in 2009, and detailed studies have been
carried out in some dyke-concentrated areas (such as the Western Junggar and Eastern
Tianshan). This study introduces the methods applied to distinguish and extract dykes
from hostrocks, and reports the spatial-temporal distribution patterns of dyke-swarms
on a large scale in Central Asia.

2 Tectonic Background and Dyke-Related Studies
in Central Asia

2.1 Tectonic Background of Central Asia (Western Part
of the CAOB)

The CAOB, alternatively known as the Altaids (Sengor et al. 1993) or the North Asian
Orogenic Region (NAOR; Li et al. 2006a, 2009b), is situated between the Siberian
craton to the north and the Tarim—North China craton to the south (Fig. 1a). It extends
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Fig. 1 Location of study area and distribution of mafic dykes in central Asia. a Tectonic location
of the Central Asian Orogenic Belt. b Distribution patterns of dykes in central Asia, resulted from
visual interpretation of ETM+ (bands 7, 4, and 2) images. ET: Eastern Tianshan and Beishan; WMA:
Western Mongolian-Altai; BH: North and West bank of Balkhash; EJ: Eastern Junggar; WJ: Western
Junggar; CT: Chingis-Taerbahatai; K: Kuruktag; AK: Aksu blueschist; KP: Keping; P: Pigiang area.
(The dykes are too dense to be displayed as linear features in such a small-scale map. They are
displayed as dyke swarms)

from the Ural Mountains in the west to the Pacific Ocean in the east. It is one of the
largest Phanerozoic orogens on Earth, and exposes important geological units that
can broaden our understanding of the subduction—accretion—collision processes that
were active during the assembly of the Asian continent.

In recent years, investigations of key lithological and structural features within
the CAOB have provided great insight regarding its general tectonic framework
and Phanerozoic evolution, which was dominated by the marginal accretions and
collisions between continental blocks during the Late Paleozoic, and the intracon-
tinental orogenic processes that transpired during the Mesozoic and Cenozoic (e.g.
Li 1980; Li et al. 2006a; Windley et al. 2007; Xiao et al. 2008; Wilhem et al. 2012).
However, some significant issues regarding the evolution of the CAOB are still hotly
debated, particularly the timing of closure of the PAO and the geodynamic setting
during the Carboniferous-Permian. Xia et al. (2004, 2006, 2008) hypothesized that
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the Paleozoic ocean in the region closed in the Late Devonian and that during the
Carboniferous and Permian both an intracontinental rift setting and a large igneous
province occurred. Li (2004), Li et al. (2006a), Shu et al. (2004), Gao et al. (2006)
suggested that the Paleozoic oceans closed in the Late Carboniferous, and the
subsequent geodynamic setting was marked by the collision and amalgamation of
continental blocks. Meanwhile, Late Carboniferous-Permian magmatism occurred
within post-collisional settings (Han et al. 1999; Chen and Jahn 2004; Han et al.
2006). However, other studies argued that the Paleozoic oceans remained until the
end of the Permian, and possibly persisted until the beginning of the Triassic (e.g.
Li et al. 2002b, 2005b; Zhang et al. 2005; Xiao et al. 2006b; Zhang et al. 2007a).

2.2 Previous Studies of Dykes in Central Asia

Mafic dyke swarms in different parts of Central Asia have attracted some attention
over the last 10 years (e.g. Zhang et al. 2007b, 2008a; Yin et al. 2009; Luo et al.
2012; Tang et al. 2012; Wang et al. 2015; Yang et al. 2015). For instance, the dykes
in Western Junggar have been dated via different methods (Li et al. 2004; Xu et al.
2008; Zhou et al. 2008; Feng et al. 2012a, b; Yin et al. 2012; Zhang and Zou 2013),
and the occurrence of diorite dyke swarms have been explained as the result of ridge
subduction (Ma et al. 2012) or vertical magmatic intrusion and regional extension
during post-collision evolution (Li et al. 2005a). Some curved dykes in Beishan (Sun
et al. 2010) and truncated dykes in Eastern Tianshan (Feng et al. 2012c¢) indicate
the shearing sense along local large faults. The correlation of distribution patterns
between dykes and mineral deposits is also discussed in some areas (Qi 1993; Luo
et al. 2008, 2012).

According to the previous aforementioned studies and observations of this work
in different areas, the distribution patterns of mafic dykes are characterized by the
following: (1) Most dykes are linear geological bodies with a certain width and length
(aspect ratio greater than 10:1). Most dykes in Central Asia are less than 10 m wide,
and smaller dykes less than 1 m are also widespread; (2) Dykes are usually intensively
exhibited as dyke swarms, in some dyke-concentrated areas, the quantity of dykes is
approximately 2-3 orders of magnitude greater than that of major faults; (3) Dykes
of different strikes are usually crosscut and displaced among each other, and some
displacement along the dykes is too small to be observed in satellite images; and (4)
Dykes are usually accompanied by several small faults, some are fault-cut dykes and
others are filled by dykes.



320 Q. Feng et al.

3 Data and Methods

3.1 Difficulties of Field Observation on a Large Scale

Field observations are indispensable to investigate individual dyke-segments and
dyke swarms in a small area. To describe distribution patterns in a large region
such as the whole Central Asia, field observation results of all dyke-emplaced areas
(usually with different levels of detail) over the entirety of Central Asia must be
collected and summarized. However, in the situation that the dyke-swarms have not
been thoroughly investigated at small scales in previous studies, it is impossible to
finish this immense task in a quite limited time. As a compromised step, alternatively
efficient methods must be tested and applied, to estimate the distribution patterns of
dykes on a large scale for the first time.

3.2 Visual Interpretation Method and Employed Data

Through experience of dyke-related surveys in recent years, we have found that a
remote-sensing interpretation method is reliable for regional investigations of mafic
dykes. Fortunately, most parts of Central Asia are arid and outcrops of dykes are
rarely covered by vegetation. In different types of satellite images of different spatial
resolutions, mafic dykes are displayed as dark-colored linear objects against lighter-
colored host rocks (Fig. 2), and can be easily distinguished using visual interpretation
method (Zhang et al. 2007b, 2008a, Feng et al. 2012a, b, ¢).

Fig. 2 Mafic dykes displayed as dark-colored linear objects in different satellite images
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Numerous ETM+images were collected covering the whole study area (bands
7,4, and 2 of the Landsat 7 data are synthesized as red, green, and blue channels,
respectively; the product images were freely downloaded from https://wist.echo.
nasa.gov/api/ in 2010). The spatial resolution of the ETM+ images is approximately
14.25 m, which allows one to distinguish major dykes. The images can be imported
into ArcGIS software, and each individual dyke segment is visually distinguished and
plotted one-by-one and stored as vector-formatted lines in an ArcGIS database. The
lengths and strikes of the dykes are calculated by the coordinates of their endpoints
automatically. Concentrations of dykes in different areas are analyzed and compared
based on an analysis of individual dykes.

3.3 Corroboration and Evaluation of Results

The existence and accuracy of distinguished dykes are corroborated and evaluated in
intentionally arranged field surveys. The results show that only major dykes greater
than 5 m wide can be correctly distinguished; smaller dykes cannot be seen in
ETM-+images.

4 Spatial and Temporal Distributions of Dyke Swarms

4.1 Spatial Distribution Patterns of Dykes on a Large Scale

Visual interpretation using ETM+images distinguished approximately 30,830 major
dykes (more than 5 m wide) emplaced in Central Asia (Fig. 1b).

On a large scale, these dykes are not evenly distributed (Fig. 3), and the optimal
directions of the dykes vary among different areas in Central Asia (Fig. 4). More
than 99% of the dykes are concentrated in the following areas (from the most to the
least): (1) Eastern Tianshan and Beishan (ET); (2) Western Mongolian-Altai (WMA);
(3) North and West of Balkhash (BH); (4) Eastern Junggar (EJ); (5) Western Jung-
gar (WJ); and (6) Chingis-Taerbahatai (CT). Eastern Tianshan and Beishan is the
most dyke-concentrated area in Central Asia, accommodating more than 60% dykes
(Figs. 1b, 3).

Other areas such as the Western Tianshan and Altai in Xinjiang are covered by
vegetation or glaciers. The existence and number of mafic dykes in these areas is
unknown (see question mark labels in Fig. 1b), and have rarely been reported in
previous studies (e.g. the NE-SW trending dykes in the Southwest Altai; Cai et al.
2010).
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4.2 Temporal Distribution of Dykes

Chronological studies of dykes have not been thoroughly completed in available
previous studies thus far. This study discusses the ages of dykes indirectly by: (1)
Ages of the host rocks (dykes must be younger than their host rocks); (2) Nearby
mafic magmatic events; and (3) regional fracturing events.

According to regional geological maps and published geochronological results,
most host rocks of the dykes in Central Asia formed during the Paleozoic, except
for the Archean and Proterozoic host rocks intruded by Neoproterozoic dykes in
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Kuluketage and the western marginal area of the Tarim Basin. Further classification
of host rocks reveals that among the Paleozoic host rocks, the majority formed during
the Late Paleozoic.

5 Primary Understanding of Some Mafic Dyke Swarms
in Central Asia

5.1 Multi-Period Dykes in the Eastern Tianshan and Beishan

The dykes in these areas are the result of multi-period tectonic events. The most
widely distributed dykes intruded during the Late Carboniferous to Early Permian
(Liu et al. 1999; Li et al. 2006b; Xiao et al. 2006a; Pirajno et al. 2008; Qin et al.
2011; Su et al. 2011). Some studies have considered that the origination of these
dykes is related to LIPs or mantle plumes during that period (Pirajno et al. 2008;
Qin et al. 2011; Su et al. 2011); however, in some outcrops the dyke-filled fractures
are obviously controlled by regional shearing displacement (Fig. 5a, b). Other dykes
sparsely emplaced during intrusion of Mesozoic round-shaped plutons (Li et al.
2002a; Zhang et al. 2006; Wang et al. 2008; Li et al. 2010, 2014; Zhang et al. 2016)
are much younger (Fig. 5¢), and resulted from intra-continental evolution with weak
magmatic activities.

5.2 Permian and Neoproterozoic Dykes in Western Tarim
and Kuruktag

A dyke swarm in Keping in the western Tarim (a segment of the passive margin
of the Tarim during the Paleozoic), constrained as occurring from 270-290 Ma by
volcanic-sedimentary formations (Li et al. 2017a) cut by the dykes, is also related to
the Permian Tarim LIP. Besides, some Cenozoic mafic dykes (48—46 Ma) in Pigiang
basin, western Tarim, and the dyke-filled fractions are caused by S—N compression
(Li et al. 2009a).

The protolith of the Aksu blueschist is a part of the oceanic crust accreted to Tarim
as part of an accretionary wedge during the Neoproterozoic. It experienced high-
pressure metamorphism (860-870 Ma) during the processes of deep subduction and
exhumation (Zhang et al. 2008b; Zheng et al. 2008; Shen and Geng 2012; Zhang et al.
2014). Dozens of NW-SE trending diabase dykes emplaced in the Aksu blueschist,
and the widths of the dykes range from several centimeters up to 20 m. The strikes of
the dykes are nearly orthogonal to the metamorphic foliations (Fig. 6a, b). Previous
chronological work revealed that these dykes occurred during 759-807 Ma (Chen
et al. 2004; Zhan et al. 2007; Zhang et al. 2009a). In the Kuruktae area, the dykes are
ultra-high-densely emplaced (the highest density of dykes in Central Asia, Fig. 6c,
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94°10'E 94°20'E 94°25'E

Fig. 5 Some mafic dykes emplaced in Eastern Tianshan a, b Dykes intruded in dextral-shearing
faults, in a granite pluton. ¢ Several NNW-SSE trending dykes emplaced in Mesozoic round-shaped
pluton in Weiya area (The images are downloaded from Google Earth)

d), and a notable zebra-like scene occurs in the field (Zhang et al. 2009b). The dykes
in Kuruktag were intruded 823 +8.7 Ma and 776.8 £8.9 Ma, which may record
the influence of mantle-originating magma during the break-off of Rodinia (Zhang
et al. 2009b).
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Fig. 6 Mafic dykes emplaced in Aksu buleschist and Kuruktag area a, b Dykes emplaced in Aksu
buleschist (Western margin of the Tarim) ¢, d Kuruktag (Eastern Tianshan) is the most dyke-
concentrated area among the Central Asia.(The images are downloaded from Google Earth)

5.3 Late Paleozoic Dykes in Western Junggar, Eastern
Junggar and Chingis-Taerbahatai

Dykes in these areas mostly emplaced during the Late Carboniferous to Early Per-
mian, based on previous chronological studies of dykes in Western Junggar (Li et al.
2004; Xu et al. 2008; Zhou et al. 2008; Feng et al. 2012a, b; Yin et al. 2012; Zhang
and Zou 2013), constrained by the cutting relationship between the dykes and the
host rocks (plutons and volcanic-sedimentary formations) in Eastern Junggar (Feng
et al. 2015) and Chingis-Taerbahatai.
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The spatial distribution patterns of dykes are obviously influenced by the
NE-SW—trending Darabut fault/suture line in Western Junggar, two NW-SE-
trending suture lines (Karamaili and Aermantai) in Eastern Junggar, and the NW-SE-
trending suture line in Chingis-Taerbahatai (Han et al. 2010), respectively. Dykes in
these areas play an important role in providing more insights regarding subductions
and collisions during the Late Paleozoic.

5.4 Paleozoic Dykes in the North and West Bank of Balkhash

The host rocks intruded by the dyke swarms mainly formed during the Paleozoic
(more so during the Late Paleozoic and less so during the Early Paleozoic). The
spatial and temporal distribution of dyke swarms is coincidentally overlapped by a
well-known orocline tectonic belt (composed of a huge C-shaped Paleozoic tectonic
belt) in Kazakhstan (Van der Voo et al. 2007; Abrajevitch et al. 2008; Xiao et al.
2010a; Li et al. 2017b). More detailed studies of dykes may more convincingly
elaborate on the mechanisms and processes of this orocline (Fig. 7).

5.5 Dykes in Western Mongolian-Altai

The host rocks of the dykes in this area formed during both the Early and Late
Paleozoic. The optimal directions of NW—SE and NE-SW in this area are very clear;
however, whether this assemblage is representative of conjugate fractures needs more
kinematic evidence on smaller scales.

6 Discussions and Conclusions

6.1 Observational Methods of Dyke Swarms at Different
Scales

This study only reports the distribution patterns of dyke swarms on a large scale
in Central Asia, and provides a framework for more comprehensive dyke-related
studies on a regional scale in the future. However, detailed studies in smaller areas
(medium scale) and higher resolution images (such as Google Earth images) must be
applied. For anatomical study (small to microscopic scale), observation in outcrops
and under a microscope must be carried out.

In recent years, the popularity of unmanned aerial vehicles (UAVs) has made low-
cost aerial photography a reality. Aerial photos with ultra-high resolution provide a
new visual aspect of dykes, which can greatly enhance work efficiency.
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6.2 Relationship of Spatial Distribution Patterns
and Regional Tectonic Evolution

The large number of mafic dykes exhibited in the present crust of Central Asia are a
result of tectonic events including fracturing in the upper crust and rising of magma
from the lower crust or even mantle. The spatial-temporal distribution patterns of
the mafic dykes are multipurpose records to understand the continental evolution
including angles of fracturing processes and related crustal deformation, magma
sequences, interaction between crust and mantle, etc.

The density variation of the dykes in space and period reflect the intensity of
crustal deformation and magmatic activities during their emplacement. This work
reveals that more than 99% of the mafic dykes emplaced in six areas as displayed in
Fig. 1b. The majority of the dykes formed during the Late Paleozoic, the exception
being the Neoproterozoic dykes that intruded into the metamorphosed basement of
the Tarim craton and Kuruktag block.

In the distribution map of the dykes, it can be seen that the reasons for the forma-
tion of these mafic dykes are diverse. Most dykes emplaced in marginal areas of major
tectonic units (West Junggar, Eastern Junggar, North and West bank of Balkhash,
some parts of Eastern Tianshan and Beishan, and Chingis-Taerbahatai) resulted from
compression and shearing between contact blocks or extensional fractures caused by
subduction-related magma or post-collision-related magma. The Permian dykes in
the west marginal area of the Tarim and Eastern Tianshan may be related to an LIP
or giant mantle plume beneath the Tarim craton during the Permian. Some Neopro-
terozoic dykes intruded into the Aksu blueschist complex (exposed metamorphosed
basement of the Tarim craton) and Kuruktag block record the break-off of the Tarim
craton and Kuruktag block.

For more comprehensive studies of mafic dykes in the future, the geometric-
kinematic characteristics of the dyke-filled fractures in the host rocks can be revealed
showing evidence of movement and crosscutting and displacement relationships
between differently oriented dykes (widespread dextral/sinistral displacement along
the strike of dykes hints that most fractures in nature are not caused by extensional
stress, but shear or even compressional stress conditions), and boundary surfaces
between the dykes and their host rocks. The significance of dyke-related magma
could be revealed by testing the dykes using chronological and geochemical methods,
as well as correlation of the dykes and host rocks.

Acknowledgements This study was co-supported by the National Natural Science Foundation of
China (project number 41502201) and the “Western Light” project of the Chinese Academy of
Sciences (project number XBBS201301). We are grateful to Prof. Rajesh Srivastava and Prof. Peng
for their thoughtful arrangements. We also thank two reviewers for constructive comments which
led to major improvements in the manuscript.



Spatial and Temporal Distribution Patterns of Mafic Dyke ... 329

References

Abrajevitch A, Van der Voo R, Bazhenov ML et al (2008) The role of the Kazakhstan orocline in
the late Paleozoic amalgamation of Eurasia. Tectonophysics 455(1-4):61-76

Cai KD, Sun M, Yuan C et al (2010) Geochronological and geochemical study of mafic dykes from
the northwest Chinese Altai: implications for petrogenesis and tectonic evolution. Gondwana Res
18:638-652

Campbell IH, Griffiths RW (1990) Im plication of mantle plume structure for the evolution of flood
basalts. Earth Planet Sci Lett 99:79-93

Chen B, Jahn BM (2004) Genesis of post-collisional granitoids and basement nature of the Junggar
Terrane, NW China: Nd-Sr isotope and trace element evidence. J Asian Earth Sci 23(5):691-703

Chen NH, Dong JJ, Li ZL et al (2013) Permian crustal extension of Beishan area in Xinjiang, NW
China: estimation from the statistical thickness of exposed mafic dyke swarms. Acta Petrol Sinica
29(10):3540-3546

Chen Y, Xu B, Zhang S et al (2004) First Mid-Neoproterozoic paleomagnetic results from the Tarim
Basin (NW China) and their geodynamic implications. Precambr Res 133(3):271-281

Feng QW, LiJY, Liu JF et al (2012a) Ages and geological significance of the dark dykes emplaced
in the Karamay pluton and adjacent area, in Western Junggar, Xinjiang, NW China: Evidence
form LA-ICP-MS zircon chronology and Ar-Ar Amphibole chronology. Acta Petrol Sinica
28(7):2158-2170

Feng QW, Li JY, Liu JF et al (2012b) Ages of the Hongshan granite and intruding dioritic dyke
swarms, in western Junggar, Xinjiang, NW China: Evidence from LA-ICP-MS zircon chronology.
Acta Petrol Sinica 28(9):2935-2949

Feng QW, LiJY, Zhang J et al (2012c) About 9 km sinistral stike-slip displacement of the East seg-
ment of Xindi fracture zone. Ecidences from satellite remote sensing images. Xinjiang Geology,
Xinjiang, NW China, pp 210-213

Feng QW, Zhou KF, Wang JL (2015) The Late Paleozoic geodynamic environment of Qiongheba
arc, eastern Junggar: evidence from spatial and temporal distribution patterns of dark dykes in
Hersai pluton. Chinese J Geol 54(4):1068-1082

Gao J, Long LL, Qian Q et al (2006) South Tianshan: a Late Paleozoic or a Triassic orogeny? Acta
Petrol Sinica 22(5):1049-1061

Goldberg SA, Butler JR (1990) Late Proterozoic rift-related dykes of the southern and central
Appalachians, eastern USA. In: Parker (ed) Mafic dykes and emplacement mechanisms, pp
131-144

Han BF, He GQ, Wang SG (1999) Postcollisional mantle-derived magmatism, underplating and
implications for basement of the Junggar Basin. Science China (Series D) 42(2):113-119

Han BF, Ji JQ, Song B et al (2006) Late Paleozoic vertical growth of continental crust around the
Junggar Basin, Xinjiang, China (Part I): Timing of post-collisional plutonism. Acta Petrol Sinica
22(5):1077-1086

Han BF, Guo ZJ, Zhang ZC et al (2010) Age, geochemistry, and tectonic implications of a Late
Paleozoic stitching pluton in the North Tian Shan suture zone, western China. Geol Soc Am Bull
122:627-640

Hou GT, Zhang C, Qian XL et al (1998) The formation mechanism and tectonic stress field of the
Mesoporoterozoic mafic dike swarms in the North China Craton. Geol Rev 44(3):309-314

Hou GT, Li JH, Halls HC et al (2003) The flow structures and mechanics of Late Precambrian mafic
dyke swarms in North China Craton. Acta Geol Sin 77(2):210-216

Jahn BM, Griffin WL, Windley BF (2000) Continental growth in the Phanerozoic: evidence from
Central Asia. Tectonophysics 328:vii—x

Jahn BM (2004) Phanerozoic continental growth in Central Asia. J Asian Earth Sci 23:599-603

Kamo SL, Gower CF (1994) U-Pb baddeleyite dating clarifies age of characteristic paleomagnitic
remanence of Long Range dykes, southeastern Labrador. Atl Geol 30:259-262

Kamo SL, Krpgh TE, Kumarapeli PS (1995) Age of the Grenville dyke swarm, Ontario-Quebec:
implication for the time of lapetan rifting. Can J Earth Sci 32:273-280



330 Q. Feng et al.

LeCheminant AN, Heaman LM (1991) U-Pb ages for the 1.27 Ga Mackenzie igneous events,
Canada: support for a plume initiation model (abstract). Program with anstracts, A73, Geological
Association on Canada: Waterloo, p 16

Li CY (1980) A preliminary study of plate tectonics of China. Bull Chin Acad Sci 2(1):11-22

Li DD, Luo ZH, Huang JX et al (2009a) The chronological and geological implications of the Ceno-
zoic basic magmatic activities in Pigiang Basin, Xinjiang China. Earth Sci Front 16(3):270-281

Li DD, Wang YW, Wang JB et al (2014) New evidence of the mafic-ultramafic pluton emplacement
age in Weiya, Eastern Tianshan Xinjiang. Xinjiang Geol 32(1):1-5

Li HB, Zhang ZC, Lv LS et al (2012) Petrological, geochemical and geometric characteristics of
dyke swarms and their tectonic significance. Acta Petrol ET Mineral 31(1):91-103

LiJH, He WY, Qian XL (1997) Genetic mechanism and tectonic setting of Proterozoic mafic dyke
swarm: it implication for paleoplate reconstruction. Geol J China Univ 3(3):272-281

Li JH, Hou GT, Qian XL et al (2001) Single-zircon U-Pb age of the initial Mesoproterozoic basic
dike swarms in Hengshan mountain and its implication for the tectonic evolution of the North
China Craton. Geol Rev 17(3):234-238

LiJY (2004) Structural characteristics of crustal “mosaicking and superimposition” of the continent
of China and its evolution. Geol Bull China 23:986-1004

LiJY, He GQ, Xu X et al (2006a) Crustal tectonic framework of Northern Xinjiang and adjacent
regions and its formation. Acta Geol Sin 80(1):148—468

LiJY, Song B, Wang KZ et al (2006b) Perimian mafic-ultramafic complexes on the southern margin
of the Tu—Ha Basin, East Tianshan Mountains: Geological records of vertical crustal growth in
Central Asia. Acta Geoscientica Sinica 27(5):424-446

Li JY, Zhang J, Yang TN et al (2009b) Crustal tectonics division and evolution of the Southern
part of the North Asian orogenic region and its adjacent areas. J Jilin Univ (Earth Sci Edition)
39(4):584-605

LiJY, Liu JF, Zheng RG et al (2017a) The eruptive timing of Permian basalts in Keping area, The
northwest margin of Tarim Basin, China: evidence from detrital zircons. J Earth Sci Environ
39(3):301-325

Li M, Wang YW, Wang JB et al (2010) Zircon U-Pb chronologic evidence for magma mixing in
the Weiya ore district, Xinjiang. Geol China 37(1)

Li P, Sun M, Rosenbaum G et al (2017b) Geometry, kinematics and tectonic models of the Kaza-
khstan Orocline, Central Asian Orogenic Belt. J Asian Earth Sci

Li SL, Li WQ, Feng XC et al (2002a) Age of formation of Weiya composite stocks in Eastern
Tianshan mountains. Xinjiang Geol 20(4):357-359

Li XZ,Han BF, JiJQ et al (2004) Geology, geochemistry and K—Ar ages Karamay basic-intermediate
dyke swarm from Xinjiang, China. Geochimica 33(6):574-584

Li XZ, Han BF, Li ZH et al (2005a) Mechanism of the Karamay basic-intermediate dyke swarm
from Xinjiang and tectonic implications. Geol Rev 51(5):517

Li YJ, Wang ZM, Wu HR et al (2002b) Discovery of radiolarian fossils from the Aiketik group at
the Western end of the South Tianshan mountains of China and its implications. Acta Geol Sin
76:146-153

Li YJ, Sun LD, Wu HR et al (2005b) Permo-Carboniferous radiolarians from the Wupata’erkan
group, Western South Tianshan, Xinjiang, China. Acta Geol Sin 79:16-23

Liu J, Jin SY, Wang YJ (2014) The summarization of platinum group metals deposits in the Great
Dyke, Zimbabwe. Precious Met 35(3):79-82

Liu S, Feng CX, Feng GY et al (2017) Zircon U-Pb age, geochemical and Sr—Nd-Pb isotopic data:
Constraints on the genetic model of the mafic dykes from the North China Craton. Acta Petrol
Sinica 33(6):1667-1685

Liu YL, Zhang ZC, Guo ZJ et al (1999) K-Ar isochron dating of Kuluktag mafic dykes, Xinjiang
autonomous region, and discussion on some related questions. Geol J China Univ 5(1):54-58

Lu SN, Jiang MM (2003) Mantle plumes and giant radiating dyke swarms. Geol Surv Res
26(3):136-144



Spatial and Temporal Distribution Patterns of Mafic Dyke ... 331

Luo ZH, Lu XX, Wang BZ et al (2008) Post-orogenic dike complexes and implications for metal-
logenesis. Earth Sci Front 15(4):1-12

Luo ZH, Chen BH, Jiang XM et al (2012) A preliminary attempt for targeting prospecting districts
using the wide composition-spectrum dike swarms: an example of the South Alatao Mountains,
Xinjiang, China. Acta Petrol Sinica 28(7):1949-1965

Ma C, Xiao W, Windley BF et al (2012) Tracing a subducted ridge—transform system in a late
Carboniferous accretionary prism of the southern Altaids: Orthogonal sanukitoid dyke swarms
in Western Junggar, NW China. Lithos 140-141:152-165

Ma F, Mu ZG, Li JH (2000) Geochemistry and petrogenesis of Precambrian mafic dyke swarms.
Geol-Geochem 28(4):58-64

Mertanen S, Personen LJ, Huhma H (1996) Paleomagnetism and Sm—Nd ages of the Neoproterozoic
diabase in Laanila and Kautokeino, northern Fennoscandia, in Precambrian crustal evolution in
the North Atlantic region. Spec Publ 112:331-358

Moores EM (1982) Origin and emplacement of ophiolites. Rev Geophys Space Phys 20(4):735-760

Morgan WIJ (1971) Convection plumes in the lower mantle. Nature 230:42—43

Mukasa SB, Wilson AH, Carlson RW (1998) A multielement geochronologic study of the
Great Dyke, Zimbabwe: significance of the robust and reset ages. Earth Planet Sci Lett
164(1-2):353-359

Oberthur T, Cabri LJ, Weisner TW et al (1997) Pt, Pd and other trace elements in sulfides of the Main
Sulfide Zone, Great Dyke, Zimbabwe: a reconnaissance study. Can Mineral 35(35):597-609

Peng P, Zhai MG, Zhang HF et al (2004) Geochemistry and geological significance of the 1.8 Ga
mafic dyke swarms in the North China Craton: an example from the juncture of Shanxi, Hebei
and Inner Mongolia. Acta Petrol Sinica 20(3):439-456

Peng P (2010) Reconstruction and interpretation of giant mafic dyke swarms: a case study of 1.78 Ga
magmatism in the North China craton. Geol Soc, London, Spec Publ 338:163-178

Pirajno F, Mao J, Zhang Z et al (2008) The association of mafic—ultramafic intrusions and A-
type magmatism in the Tian Shan and Altay orogens, NW China: implications for geodynamic
evolution and potential for the discovery of new ore deposits. J Asian Earth Sci 32(2-4):165-183

Qi JY (1993) Geology and genesis of vein rock group in Western Zhunggar, Xinjiang. Acta Petrol
Sinica 9(3):288-299

Qin KZ, Su BX, Sakyi PA et al (2011) SIMS zircon U-Pb geochronology and Sr—Nd isotopes of
Ni—Cu-Bearing Mafic-Ultramafic Intrusions in Eastern Tianshan and Beishan in correlation with
flood basalts in Tarim Basin (NW China): constraints on a ca. 280 Ma mantle plume. Am J Sci
311(3):237-260

Schoenberg R, Nagler TF, Gnos E et al (2003) The source of the great dyke, Zimbabwe, and Its
tectonic significance: evidence from Re—Os isotopes. J Geol 111(5):565-578

Sengoér AMC, Natal’in BA, Burtman VS (1993) Evolution of the Altaid tectonic collage and Pale-
ozoic crustal growth in Eurasia. Nature 364:299-307

Shao JA, Zhang LQ (2002) Mesozoic dyke swarms in the north of North China. Acta Petrol Sinica
18(3):312-318

Shen QH, Geng YS (2012) The tempo-spatial distribution, geological characteristics and genesis
of blueschist belts in China. Acta Geol Sin 86(9):1407-1446

Shu LS, Guo ZJ, Zhu WB et al (2004) Post-collision tectonism and basin-range evolution in the
Tianshan belt. Geol J China Univ 10(3):393-404

Su BX, Qin KZ, Sakyi PA et al (2011) U-Pb ages and Hf-O isotopes of zircons from late Paleozoic
mafic—ultramafic units in the southern Central Asian Orogenic Belt: tectonic implications and
evidence for an early-permian mantle plume. Gondwana Res 20(2-3):516-531

Sun B, Shan YH, Qiao YB (2010) Curved mafic dike swarm in a Late-Paleozoic granitoid in
the Northern Mountain, Gansu, northwestern China: genesis and implications. Chinese J Geol
45(1):80-91

Tang GJ, Wang Q, Wyman DA et al (2012) Late carboniferous high eéNd(t)-eHf(t) granitoids,
enclaves and dikes in western Junggar, NW China: Ridge-subduction-related magmatism and
crustal growth. Lithos 140(141):86-102



332 Q. Feng et al.

Van der Voo R, Abrajevitch S, Bazhenov ML et al. (2007) Late Paleozoic History of the Kazakhstan
orocline. American Geophysical Union

Wang L, Wang GH, Lei SB et al (2017) The Early Carboniferous Xiaomiaogou granite porphyry
dykes in the northern margin of the North China Craton: implication for craton-mantle interaction
and intraplate magmatism. Geol J 52:489-509

Wang LM, Chao WD, Li YJ et al (2015) Zircon LA-ICP-MS U-Pb dating and tectonic settings
implication of the early permian intermediate to Mafic Dyke swarms in Urho Area, West Junggar.
Xinjiang Geol 33(3):297-304

Wang YW, Wang JB, Wang LJ et al (2008) Zorcon U-Pb age, Sr—Nd isotope geochemistry and
geological siginificances of the weiya mafic-ultramafic complex, xinjiang. Acta Petrol Sinica
24(4):781-792

Wilhem C, Windley BF, Stampfli GM (2012) The Altaids of central Asia: a tectonic and evolutionary
innovative review. Earth Sci Rev 113:303-341

Wilson AH (1982) The geology of the Great ‘Dyke’, Zimbabwe: the ultramafic rocks. J Petrol
23(2):240-292

Wilson AH (1996) The Great Dyke of Zimbabwe. Dev Petrol 15(96):365-402

Windley BF, Alexeiev D, Xiao WJ et al (2007) Tectonic models accretion of the central Asian
Orogenic Belt. J Geol Soc 164:31-47

Xia LQ, Xia ZC, Xu XY et al (2004) Carboniferous Tianshan igneous megaprovince and mantle
plume. Geol Bull China 23(9-10):903-910

Xia LQ, Li XM, Xia ZC et al (2006) Carboniferous-Permian rift-related volcanism and mantle
plume in the Tianshan, Northwestern China. Northwest Geol 39(1):1-49

Xia LQ, Xia ZC, Xu XY et al (2008) Petrogenesis of Carboniferous-Early Permian rift-related
volcanic rocks in the Tianshan and its neighboring areas, Northwestern China. Northwest Geol
41(4):1-68

Xiao PX, Huang YH, Wang YX et al (2006a) Geochemical characteristics and isotope dating of
moyite at the southeastern margin of the Kuruktag block, Xinjiang, China. Geol Bull China
25(6):725-729

Xiao W, Kroner A, Windley B (2009) Geodynamical evolution of central Asia in the Paleozoic and
Mesozoic. Int J Earth Sci 98(6):1185-1188

Xiao WJ, Han CM, Yuan C et al (2006b) Unique Carboniferous-Permian tectonic-metallogenic
framework of Northern Xinjiang (NW China): constraints for the tectonics of the Southern Pale-
oasian Domain. Acta Petrol Sinica 22(5):1062—-1076

Xiao WJ, Shu LS, Gao J et al (2008) Continental dynamics of the central Asian Orogenic Belt and
its metallogeny. Xinjiang Geol 26(1):4-8

Xiao WJ, Huang BC, Han CM et al (2010a) A review of the western part of the Altaids: a key to
understanding the architecture of accretionary orogens. Gondwana Res 18(2-3):253-273

Xiao WJ, Mao QG, Windley BF et al (2010b) Paleozoic multiple accretionary and collisional
processes of the Beishan orogenic collage. Am J Sci 310(10):1153-1594

Xu QQ, JiJQ, Han BF et al (2008) Petrology, geochemistry and geochronology of the intermediate
to mafic dykes in Northern Xinjiang since late Paleozoic. Acta Petrol Sinica 24(5):977-996

Xu YG, He B, Huang XL et al (2007) The dabate over mantle plumes and how to test the plume
hypothesis. Earth Sci Front 14(2):1-9

Yang CX, Wang QH, Gao X et al (2015) Geochemical characteristics and tectonic setting of diabase
in Beishan Gansu. Gansu Geol 24(1):19-23

YinJY, Yuan C, Sun M et al (2009) Sanukitic dykes in west Junggar, Xinjiang: geochemical features,
petrogenensis and links to Cu—Au mineralization. Geochimica 38(5):413-423

YinJY, Yuan C, Sun M et al (2012) Age, geochemical features and possible petrogenesis mechanism
of early Permian magnesian diorite in Hatu Xinjiang. Acta Petrol Sinica 28(7):2171-2182

Zhan S, Chen Y, Xu B et al (2007) Late Neoproterozoic paleomagnetic results from the Sugetbrak
Formation of the Aksu area, Tarim basin (NW China) and their implications to paleogeographic
reconstructions and the snowball earth hypothesis. Precambr Res 154(3):143-158



Spatial and Temporal Distribution Patterns of Mafic Dyke ... 333

Zhang CL, Li ZX, Li XH et al (2009a) Neoproterozoic mafic dyke swarms at the northern margin of
the Tarim Block, NW China: age, geochemistry, petrogenesis and tectonic implications. J Asian
Earth Sci 35(2):167-179

Zhang CL, Zou HB (2013) Comparison between the Permian mafic dykes in Tarim and the western
part of central Asian Orogenic Belt (CAOB), NW China: implications for two mantle domains
of the Permian Tarim Large igneous province. Lithos 174:15-27

Zhang J, Zhang CL, Li HK et al (2014) Revisit to time and tectonic environment of the Aksu
blueschist terrane in northern Tarim, NW China: new evidence from zircon U-Pb age Hf isotope.
Acta Petrol Sinica 30(11):3357-3365

Zhang J, Cheng SH (2017) Are those mafic dikes in Hengshan-Xuanhua-Xinghe area of North
China sanukitoids? J Earth Sci Environ 39(1):65-82

Zhang LF, Ai YL, Li Q et al (2005) The formation and tectonic evolution of UHP metamorphic belt
in southwestern Tianshan, Xinjiang. Acta Petrol Sinica 21(4):1029-1038

Zhang LF, Ai YL, Li XP et al (2007a) Triassic collision of western Tianshan orogenic belt, China:
evidence from SHRIMP U-Pb dating of zircon from HP/UHP eclogitic rocks. Lithos 96:266-280

Zhang XR, Zhao GC, Eizenhofer PR et al (2016) Tectonic transition from Late Carbonif-
erous subduction to early Permian post-collisional extension in the Eastern Tianshan, NW
China: insights from geochronology and geochemistry of mafic—intermediate intrusions. Lithos
256-257:269-281

Zhang Z,Zhu W, Shu L et al (2009b) Neoproterozoic ages of the Kuluketage diabase dyke swarm in
Tarim, NW China, and its relationship to the breakup of rodinia. Geol Megazine 146(1):150-154

Zhang ZL, Qin QM, Cao B et al (2007b) Application of high-resolution satellite images to extraction
of dyke attributes. Geogr Geo-Inf Sci 23(3):15-18

Zhang ZL, Qin QM, Tian W et al (2008a) Emplacement characteristics and spatial distribution
of Permian Mazhartager basic dike swarms in Bachu area, Tarim basin. Acta Petrol Sinica
24(10):2273-2280

Zhang 7Y, Zhu WB, Shu LS et al (2008b) Thermo-tectonic evolution of Precambrian blueschists
in Aksu, Northwest Xinjiang, China. Acta Petrol Sinica 24(12):2849-2856

Zhang ZZ, Gu LX, Wu CZ et al (2006) Weiya quartz syenite in early Indosinina from eastern
Tianshan mountains: Petrogenesis and tectonic implication. Acta Petrol Sinica 22(5):1135-1149

Zhao JX, McCulloch MT (1993) Sm-Nd mineral isochron ages of Late Proterozoic Dyke swarms
in Australia: evidence for two distintive events of mafic magmatism and crustal extension. Chem
Geol 109:341-354

Zhao JX, McCulloch MT (1994) Characterization of a plume-related ~800 Ma magmatic event
and its implication for basin information in central-southern Australia. Earth Planet Sci Lett
121:349-367

Zheng BH, Zhu WB, Shu LS et al (2008) The protolith of the Aksu Precambrian blueschist and its
tectonic setting. Acta Petrol Sinica 24(12):2839-2848

Zhou J, Ji JQ, Han BF et al (2008) “°Ar/3 Ar Geochronology of mafic dykes in North Xinjiang.
Acta Petrol Sinica 24(5):997-1010



	Spatial and Temporal Distribution Patterns of Mafic Dyke Swarms in Central Asia: Results from Remote-Sensing Interpretation and Regional Geology
	1 Introduction
	2 Tectonic Background and Dyke-Related Studies in Central Asia
	2.1 Tectonic Background of Central Asia (Western Part of the CAOB)
	2.2 Previous Studies of Dykes in Central Asia

	3 Data and Methods
	3.1 Difficulties of Field Observation on a Large Scale
	3.2 Visual Interpretation Method and Employed Data
	3.3 Corroboration and Evaluation of Results

	4 Spatial and Temporal Distributions of Dyke Swarms
	4.1 Spatial Distribution Patterns of Dykes on a Large Scale
	4.2 Temporal Distribution of Dykes

	5 Primary Understanding of Some Mafic Dyke Swarms in Central Asia
	5.1 Multi-Period Dykes in the Eastern Tianshan and Beishan
	5.2 Permian and Neoproterozoic Dykes in Western Tarim and Kuruktag
	5.3 Late Paleozoic Dykes in Western Junggar, Eastern Junggar and Chingis-Taerbahatai
	5.4 Paleozoic Dykes in the North and West Bank of Balkhash
	5.5 Dykes in Western Mongolian-Altai

	6 Discussions and Conclusions
	6.1 Observational Methods of Dyke Swarms at Different Scales
	6.2 Relationship of Spatial Distribution Patterns and Regional Tectonic Evolution

	References




