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KEYWORDS Abstract  This study proposes three models to explain the mechanism of the three major types of mafic
Parallel dyke swarm; dyke swarms. Parallel dyke swarms form in response to a regional stress field, e.g. the mafic dyke swarms
Radiating dyke swarm; in the North China Craton, whereas small radiating dyke swarm forms due to stress constructions around
Hole model; a plutonic or volcanic edifice, such as the dyke swarm at Spanish Peak, USA. The third type of radiating
Plug model dyke swarm is giant fan-shaped dyke swarm such as the Mackenzie dyke swarm. Fractures that formed

prior to magmatism may play a vital role in dictating the dyke swarm geometry. In most of the cases, the
pre-existing fractures are induced by tectonic stresses and not by magma injection though magma injec-
tion can increase the fracture size by propagation at the dyke tip.
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1. Introduction Mafic dyke swarms represent conspicuous extensional struc-

tures and are widespread in cratons throughout the world, espe-
Mafic dyke swarms are groups of vertical dykes with same cially in the Archean shields such as the Canadian Shield, the
orientation representing a system of pre-existing tensional crustal ~ North China Craton and the Indian Cratons (Halls and Fahrin,

fracture swarms along which mafic magmas emplaced (Halls and 1987). Most of giant mafic dyke swarms were developed in
Fahrin, 1987; Ernst et al., 1995; Hou et al., 2006). Proterozoic time. The major mafic dyke swarms over the world
can be divided into three main types: parallel dyke swarm, small
radiating dyke swarm and giant radiating dyke swarm (Fig. la—c).
Each type of the mafic dyke swarm is related to the local stress
field. Mafic dyke swarms are excellent time marker and paleo-
stress indicators and can be used to reconstruct the paleostress
fields of cratons. In general, dyke swarms exhibit trends parallel to
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Peer-review under responsibility of China University of Geosciences the contemporaneous regional horizontal maximum compressive
(Beijing). stress orientations and perpendicular to the extension direction
doi:10.1016/j.gs.2011.10.003 (Pollard, 1987). The horizontal maximum compressive stress

trajectory pattern could fit the orientation pattern of the mafic dyke
swarms (Hou et al., 2006).

Parallel dyke swarms form in response to a regional stress
field, e.g. the mafic dyke swarms in the North China Craton
(Hou et al., 2006, 2010a,b), whereas small radiating dyke swarm
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Figure 1  The three major types of mafic dyke swarms discussed in
this study. The radiating lines and parallel lines represent mafic dyke
swarms. The arrows indicate the maximum horizontal compressive
stress orientations. The curves indicate boundaries of lava.

forms due to stress constructions around a plutonic or volcanic
edifice, e.g. the dyke swarm at Spanish Peak, USA (Smith, 1987).
The third type of radiating dyke swarm is the giant fan-shaped
dyke swarm, e.g. the Mackenzie dyke swarm in the Canadian
Shield. The mechanism of the giant radiating dyke swarm is
important in understanding the breakup of supercontinent related
to mantle plume.

2. Mechanism of parallel dyke swarms

The conspicuous tectonic pattern in the Proterozoic North China
Craton is dominated by the widespread NNW-trending parallel
mafic dyke swarms (Hou et al., 2006; Peng et al., 2007). In the
Late Paleoproterozoic, the North China Craton was characterized
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115°

by extensional structures such as aulacogens and mafic dyke
swarms. The NNW-trending mafic dyke swarms were emplaced in
the central portion of the craton and also among the aulacogens or
rifts including the Yanliao Aulacogen, Zhongtiao Aulacogen,
Baiyunerbo-Artai Rift, Helan Rift and Jinshan Aulacogen (Kusky
et al., 2007; Hou et al., 2008a) (Fig. 2).

The widespread mafic dyke swarms and rifts system
(or aulacogens) in the North China Craton indicate the widespread
extensional events in the Late Paleoproterozoic time, when the
craton was uplifted and was subjected to the tectonic forces acting
on the northern and southern margins of the craton. These NNW-
trending mafic dyke swarms extend up to ~ 800 km in the Western
Block and Central Orogenic Zone, which are dissected by narrow
Cenozoic grabens. In the Eastern Block, the NNW-trending mafic
dyke swarms are developed in the western Shandong (Fig. 2).
Many precise ages of the NNW-trending mafic dyke swarms in
the craton have been published in recent years. For example, Peng
et al. (2005) reported a SHRIMP zircon U-Pb age of 1778 £ 3 Ma
for the mafic dykes at Datong in the Western Block of the craton
and a diabase dyke at Mt. Hengshan in the Central Orogenic Zone
has yielded a baddeleyite U-Pb age of 1769.1 £ 2.5 Ma (Halls
et al., 2000). These ages indicate that the NNW-trending mafic
dyke swarms have been emplaced contemporaneously.

The regional stress field is a very important factor in control-
ling the distribution of parallel dyke swarm. Usually, the parallel
dyke swarms are controlled by the regional extensional stress field
in which tectonic forces arise from the boundaries of the plate, this
is evident in the stress field modeling results of the Late Paleo-
proterozoic North China Craton, which suggest that the NNW-
trending mafic dyke swarms in the craton are controlled by the
regional extension stress field which tectonic forces come from the
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Figure 2  The distribution of the 1.8 Ga mafic dyke swarms in the North China Craton.

1: The boundary of the North China craton; 2: Aulacogen or rift; 3: Mafic dyke swarms;
4: Tanlu Fault Zone; 5: Strike-slip direction; 6: The boundary of rift or aulacogen.
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northern or southern margins of the craton during this period
(Figs. 2 and 3).

The North China Craton is a stable continent with triangular
shape bounded by the Qilian-Qinling Ocean (a passive continental
margin) along its southern margin, an Andean-style orogen
(IMNHO: Inner Mongolia-North Hebei Orogen) along its northern
margin and the Tanlu Fault (strike-slip margin) along its eastern
margin (Fig. 3) (Zhai and Liu, 2003; Kusky et al., 2007; Hou et al.,
2008b; Peng et al., 2011; Zhai et al., 2011; Zhai and Santosh,
2011; Santosh et al., in press). During Late Paleoproterozoic,
the North China Craton was subjected to the tectonic forces along
these above-mentioned margins of the craton.

The reasonable modeling results of paleostress fields rely on
the qualitative fit between the calculated stress orientation and
observed stress indicator, e.g. the orientations of the dyke swarms
(Hou et al., 2006, 2010a,b). Based on comprehensive modeling of
the stress field of the craton, one reasonable best fit model is
discussed in the paper (Fig. 3).

The triangular shaped North China Craton is induced by the
tectonic forces along the northern and southern margins of the
craton with stronger forces from east to west along these margins.
The tectonic forces on the north margin are stronger compared to
the forces applied on the south margin of the craton (Fig. 3). The
observed stress trajectories are more densely concentrated near the
west of the Yanliao—Zhongtiao aulacogens due to the intersection
of the different tectonic units and triangle boundaries in the West
Block and Central Orogenic Zone (e.g. Mt. Hengshan area and Mt.
Zhongtiao area) (Fig. 3). Most of the calculated maximum hori-
zontal compressive stress orientations are well fitted to the mafic
dyke swarms throughout the North China craton (Fig. 3). The
observed stress trajectories are continuous in the Archean crys-
talline basement due to the similar elastic properties in that portion
of the craton. Factors affecting the modeling results of stress field
include the nature of the applied tectonic forces, the shape of the
craton, the geometrical configuration outlining of the aulacogens

Figure 3  Stress field modeling for the parallel mafic dyke swarms
in the North China Craton (after Hou et al., 2006).

H: Mt. Hengshan; L: Mt. Luliang; Z: Mt. Zhongtiao; S: Mt. Songshan;
T: Mt. Taishan.

and rifts, the behavior of the eastern boundary and the value of the
different elastic properties assigned to the craton. The modeling
results indicate that the north-south tectonic forces and the shape
of the craton played an important role in the modeling. The best fit
model indicates that the NNW-trending mafic dyke swarms in the
North China Craton were developed due to the regional stress field
related to the Late Paleoproterozoic tectonic event. The results
also suggest that the parallel dyke swarms developed in the
regional stress field.

3. Mechanism of radiating dyke swarms

In addition to parallel dyke swarm, radiating dyke swarm is also
a common type. The radiating dyke swarm can be divided into two
types: small radiating dyke swarm and giant radiating dyke swarm
(Fig. 1a and b). The small radiating dyke swarm is typically
related to volcanic edifice such as the dyke swarm of the Spanish
Peak Volcano, Colorado, USA (Smith, 1987). On the other hand,
the giant radiating dyke swarm which is usually a portion of Large
Igneous Provinces (LIPs) is related to the mantle plume, e.g. the
Mackenzie dykes, which fan out in a radial array (about 100° of
arc) and extends for more than 2100 km along strike and has
a maximum width of 1800 km in the Canadian Shield
(Le Cheminant and Heaman, 1989) (Fig. 4).

Based on the observation of volcanic edifice and dykes, it can
be inferred that the magma under the volcano has intruded into
the pre-existing fractures as feeders and subsequently the lava
became a plug shutting further extrusion of the magma. Within
the vertical column of the “plug” that shuts the magma beneath,
the magma moves through horizontally propagating dykes into
pre-existing fractures around the magma chamber (Pinel and
Jaupart, 2004).

Small radiating dyke swarm commonly develops around
a focal volcanic edifice. This type of dykes is usually a few
kilometers long and several meters wide. The small radiating dyke
swarm is a portion of volcanic edifice, and is not related to mantle
plume (Fig. 5A).

“Hole” model (Fig. 5SA) was proposed to explain the mecha-
nism of the small radiating dyke swarm related to volcanic edifice
(Baer and Reches, 1991; Pinel and Jaupart, 2004; Gudmundsson,
2006). The result of the hole model, as calculated by Pinel and
Jaupart (2004), is a decrease in the stress concentration magni-
tude with increasing radial distance from the magma chamber, and
the stress around the reservoir becomes negligible for the hori-
zontal dyke propagation. At a distance equal to twice the radius of
the magma chamber, the stress around the reservoir becomes
negligible for the horizontal dyke propagation. The hole model
can only explain the formation of the small-scale radiating dyke
swarm of few kilometers length as in the case of the small radi-
ating mafic dyke swarm around the Spanish Peak volcanic edifice,
USA (Smith, 1987).

The “pre-existing hole” model could explain the mechanism of
the formation of small-scale radiating dyke swarms, but failed to
account for the formation of giant radiating dyke swarms and also
the changes in orientation of dyke swam with distance from the
focal area. In the case of the 2100 km-long Mackenzie dyke
swarm of the Canadian Shield, radiating dykes occur around
a focal source, but away from the focal source, dyke orientations
swing from N-S to NW-SE adopting the geometry of a parallel
dyke swarm close to the southeastern margin of the Canadian
Shield. If we consider the hole model, then it should be assumed
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Figure 4
the world (after Hou et al., 2010a,b).

to have a magma chamber of at least 1000 km radius for
explaining the 2100 km-long Mackenzie dyke swarm. As this
huge sized magma chamber did not exist in the geological history,
only a mantle plume can account for the giant size stress fields.
The Mackenzie dyke swarm converges toward a focal point
(the Coppermine River Lavas) located in the north of the Canadian
Shield. Baddeleyites from four widely-spaced Mackenzie dykes
define a single discordia line with an upper intercept age of
1267 £+ 2 Ma. The Coppermine lavas and the Mackenzie dyke
swarm were all emplaced within a period of less than 5 million
years beginning at 1272 Ma (Le Cheminant and Heaman, 1989)
and is one of the largest LIPs in the world. The LIPs suggest the
giant radiating Mackenzie dyke swarm is related to a mantle
plume that onset the breakup of Columbia Supercontinent (Rogers

The 1.27 Ga fan-shaped giant Mackenzie dyke swarms in the Canadian Shield which represent the largest radiating dyke swarms in

and Santosh, 2002, 2009; Zhao et al., 2002, 2004; Hou et al.,
2008c).

The mechanism of the giant radiating Mackenzie dyke swarm
is more complex. The extension ratios range from 0.06% to 0.45%
(calculated from five sections AA’, BB, CC', DD’ and EE') with an
average ratio of 0.23%. The ratios suggest that the Mackenzie
dyke swarm indicates limited elastic fracture deformation of the
Canadian Shield. Hou et al. (2010a,b) recently proposed a “Plug”
model (Fig. 5B) based on the results of two dimension finite
element modeling (2-D FEM) to explain the mechanism of
formation of the Mackenzie dyke swarm. The “Plug” model can
explain not only the development of radiating dykes concentrated
around the focal area but also the parallel dykes far from the
magma source during the opening of the Grenville Ocean. This
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The mechanism for two different types of radiating dyke swarms.

A: Hole Model for small radiating dyke swarm mode; B: Plug Model for giant radiating dyke swarm model.

model invokes local stress concentrations around the magmatic
focal area (boundary of Coppermine River Lavas) and the regional
stress field far from the focal area, induced by opening of the
Grenville Ocean (mid-ridge push).

In the “Plug” model for the mechanism of the Mackenzie dyke
swarm, the arc edge of the focal area at the northern part of the
Canadian Shield is held fixed as “Plug”, resisting accretionary
deviatoric stresses (40 MPa) acting on the southeastern margin of
the Canadian Shield derived by the push of the Grenville Ocean at
1.27 Ga (Fig. 5B). The modeling results of the “Plug” model yield
reasonable stress fields for the 1.27 Ga Canadian Shield (Fig. 6).
The calculated stress field can be divided into four stress provinces
with different patterns which include NW area, N area, S area and
SE area. The calculated stress trajectories (maximum horizontal
compressive stress tensors) fit well in the orientations of the
Mackenzie dyke swarms in these four areas. The stress trajectories
concentrate around the focal area (Coppermine River Lavas) at the
northern point of the Canadian Shield and then swing from N-S to
NW-SE orientation toward the southeastern part of the shield. The
modeling results suggest that the harmony trajectories pattern fits
in the tectonic boundary conditions of the Canadian Shield at
1.27 Ga (Fig. 6). Though the focal area could be influenced by the

magma overpressure of 0.5—6 MPa, the magma overpressure
could be negligible, which is relative to the push of the Grenville
Ocean with the deviatoric stress of 40 MPa (Hou et al., 2010a,b).
Thus, the modeling results suggest that the giant radiating
Mackenzie dyke swarms were developed by the coupling between
the focal area “Plug” over a mantle plume and the push from the
coeval Grenville Ocean opening (Hou et al., 2010a,b).

Such mantle plume-related giant radiating dyke swarms may be
common in the Earth’s history, although most of them have been
disrupted by later continental fragmentation (Ernst et al., 2005; Hou
et al., 2008b,c). The remnants of these giant dyke swarms are
commonly preserved as fan-shaped fragments which have been
reworked by subsequent continental rifting events like in the
Mackenzie dyke swarms. These giant radiating dyke swarms are
important indicators for the reconstruction of supercontinents, for
example in the case of Pangea, the 200 Ma Central Atlantic dyke
swarm was a 360° giant radiating swarm which is a composite of
three fan-shaped dyke swarms located in North America, South
America and West Africa (Oliveira and Tarney, 1990). Another
example is the Late Paleoproterozoic supercontinent Columbia
which has been reconstructed based on a possible giant radiating
dyke swarm that is assembled from the mafic dyke swarms in the
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North China, North Korea, Southern India and Canadian Shield
areas (Hou et al., 2008b; Santosh, 2010; Peng et al., 2011). These
giant radiating dyke swarms are usually related to a mantle plume
that triggers the continental rifting and breakup of a supercontinent.

4. Conclusions

Mafic dyke swarms as tectonic markers and stress indicators are
widespread in the world. The mafic dyke swarms can be divided
into three types: parallel dyke swarm, small-scale radiating dyke
swarm and giant radiating dyke swarm. These three types of mafic
dyke swarms indicate three types of fracture system with different
mechanism and develop in different stress fields that are
controlled by different tectonic conditions. The parallel dyke
swarms typically form in a regional stress field related to an
extension in a block or a plate. The tectonic forces may be from
the margins of a plate or inside a block. The small-scale radiating
dyke swarm usually belongs to a portion of a volcanic edifice, and
is not related to a mantle plume. The giant radiating dyke swarm
(or fan-shaped dyke swarm) is usually related to a mantle plume
that onset the breakup of a supercontinent. The giant radiating
dyke swarm or fan-shaped dyke swarm can be used as tectonic
marker to reconstruct supercontinents in earth history.
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