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Abstract

Mafic dyke swarms and aulacogens are major anorogenic extensional events in the Late Paleoproterozoic North China Craton
(NCC). The N-NNW mafic dyke swarms are widespread in the NCC, whose ages span between 1.83 and 1.77 Ga. The similar
ages and orientations of ~1.8 Ga dyke swarms in the NCC demonstrate that the amalgamated NCC experienced widespread
extension at this time.

Based on the width statistics of dyke swarms on ten survey lines, an average crustal extension ratio of 0.35% was found for the
NCC. The small magnitude of overall extension suggests that the mafic dyke swarms were emplaced into the elastic fractures, and
indicates that the NCC had become a brittle plate prior to the emplacement of the mafic dyke swarms.

Precisely dated mafic dyke swarms, when used as paleostress indicators, can be employed in the paleostress field reconstruction of
Precambrian cratons. Two dimensional finite element modeling (2-D FEM) of the NCC, in which the various blocks were assigned
densities and elastic constants, shows that north—south compression favors dyke intrusion along generally N-NW lines, and that
deviations in dyke trends can be explained by the effects of boundary constraints and the physical properties of the crust. The best
fitting model can be considered a plausible representation of the tectonic force acting on the NCC that produces the intraplate stress
field that is most consistent with the observed orientation of dyke swarms. The results of modeling of the Late Paleoproterozoic stress
field suggest a common tectonic setting for the emplacement of mafic dyke swarms in the Central Orogenic Zone, Western and East
Blocks of the NCC. The results also show that the north—south tectonic forces play an important role in determining the paleostress
field in the NCC. The widespread extension of the NCC resulted from the north—south tectonic forces which may be related to the
break-up of the Late Paleoproterozoic supercontinent. The paleostress field modeling provides a possible approach to consider the
supercontinent paleostress reconstruction and to reveal the mechanisms of the supercontinent break-up.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The North China Craton was probably involved in

the amalgamation and subsequent break-up of a Late
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Craton (NCC, Fig. 1) is separated into Eastern and
Western Blocks by a tectonic feature known as the
Central Orogenic Zone (COZ) (Zhao et al., 2000, 2001;
Zhao, 2001; Kusky et al., 2001; Wilde et al., 2002;
Kusky and Li, 2003). The precise origin of this feature is
controversial; some workers believe it represents a
collision between the two Archaean blocks at ~1.85 Ga
(Zhao et al., 2000, 2001, Zhao, 2001; Zhao et al., 2002a,
b; Wilde et al., 2002; Kroner et al., 2005), while others
regard it as a zone of Paleoproterozoic reworking within
a single craton subjected to an Andean-style collision
along its northern margin (Zhai et al., 2000; Kusky et al.,
2001; Li et al., 2001, 2002; Kusky and Li, 2003; Zhai et
al., 2005). What is clear is the timing of the last phase of
metamorphism prior to cratonization at about 1.90 to
1.85 Ga. Immediately following this metamorphism,
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and representing the first igneous activity on the craton,
was the intrusion of mafic dykes and the eruption of
associated volcanics. The volcanics accumulated in se-
veral fault-bounded troughs or aulacogens and are
largely covered by younger Proterozoic sediments, de-
posited in these subsiding grabens while the dykes occur
as generally N-NW trending swarms outside the gra-
bens and within the crystalline shield (Fig. 1). The mafic
dyke swarms are spread in the West Block, the Central
Orogenic Zone and the East Block. The Late Paleopro-
terozoic marks a discrete change in the Precambrian
evolution of the NCC as well as other cratons through-
out the world.

Issues that require consideration in understanding the
Proterozoic evolution of the NCC and the systematics of
the initial break-up of the Pre-Rodinia supercontinent
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Fig. 1. Proterozoic aulacogens and mafic dyke swarms of the North China Craton. 1. Dyke swarms; 2. orientation roses; 3. aulacogen; 4. Late

Paleoproterozoic Orogen; 5. rapakivi granite; 6. granite; 7. anorthosite;

8. volcanics; 9. Tanlu Fault; 10. Meso-Cenozoic pull-apart basin; 11. profile

and name; 12. mount. WB — Western Block; COZ — Central Orogenic Zone; EB — Eastern Block; IMNHO — Inner Mongolia—North Hebei
Orogen; QQO — Qilian—Qinling Orogen; NCB — North China Basin; TF — Tanlu Fault; XA — Xiong’er Aulacogen; YA — Yanliao Aulacogen.
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include: Whether the mafic dyke swarms in the West
Block, Central Orogenic Zone and East Block were
emplaced under the same crustal stress regime and what
are the tectonic forces inducing the extension of the
NCC? This paper provides a review of the current state
of knowledge on the geochronology of the NCC and
presents new data obtained from extension ratio cal-
culations and a reconstruction of the paleostress field.

2. Geological background

The Paleoproterozoic NCC can be divided into three
types of tectonic units, including the Archaean crystalli-
zation basements, the Paleoproterozoic orogens and the
Late Paleoproterozoic—Mesoproterozoic aulacogens (Fig.
1). The Archaean crystallization basements include am-
phibolite facies gneiss in the West Block, TTG and ada-
mellite in the East Block (Kusky and Li, 2003; Hou et al.,
2004). The Paleoproterozoic orogens include the Inner
Mongolia—North Hebei Orogen (IMNHO) in the northern
margin of the NCC and the Central Orogenic Zone (COZ)
in the central NCC (Fig. 1). The IMNHO includes the
khondalites and high pressure granulite. The COZ includes
the high pressure granulite and high amphibolite or
amphibolite facies gneiss (Zhai et al., 2000; Zhao et al.,
2000; Li et al., 2001, 2002; Wilde et al., 2002; Kusky and
Li, 2003; Zhai et al., 2005). Yanliao and Xiong’er
Aulacogens were filled by the Late Paleoproterozoic—
Mesoproterozoic volcanic and sediments (Fig. 1) (Qian
and Chen, 1987; Sun and Hu, 1993; Hou et al., 2000,
2001a,b; Zhao et al., 2002a,b).

In the Late Paleoproterozoic, the NCC was character-
ized by extensional structures such as aulacogens and
mafic dyke swarms. Aulacogen systems and anorogenic
magmatic belts occur mainly in the marginal areas of the
NCC, whereas mafic dyke swarms were emplaced in the
central portion of the craton. The extensional episode
responsible for the formation of these extensional features
also resulted in rapid cooling and final uplift and exposure
of the NCC crystalline basement (Halls et al., 2000; Hou
et al., 2000, 2001a,b, in press; Kusky and Li, 2003).

The volcanics from the Xiong’er Aulacogen give a U—
Pb SHRIMP age of 1840+ 14 Ma, dating the opening of
the southern arm of a three-pronged rift system (Sun and
Hu, 1993; Zhao et al., 2002a,b). The Changcheng Series
(including lava and sediments dated at 1.84 to 1.60 Ga)
were filled in the Yanliao Aulacogen across the northern
part of the NCC (Hu et al., 1997; Kusky and Li, 2003).
Some Late Paleoproterozoic anorogenic intrusions (e.g.
rapakivi granite and anorthosite) were also developed in
the Yanliao Aulacogen (Xie and Wang, 1988; Yu, 1990; Li
et al., 2001; Kusky and Li, 2003).

Dyke swarms developed in the NCC throughout the
aulacogenic system in the Late Paleoproterozoic. The
majority of dyke swarms in the NCC are distributed in the
Shanxi Province of the Central Orogenic Zone and the
West Block along the west of the Yanliao and Xiong’er
Aulacogens, with a few also in the Shandong Province of
the East Block (Chen and Shi, 1983; Qian and Chen,
1987; Halls et al., 2000; Hou et al., 2001a, 2004, 2005a).
Unmetamorphosed mafic dyke swarms occur principally
in four regions: The Datong—Hengshan—Fuping areas
where they form the N-NW trending dyke swarms; the
Luliang area where they form WNW and NNW trending
dyke swarms; the Zhongtiao area where they form a
radiating dyke swarm, and the Taishan area where they
form N-NNW trending mafic dyke swarms (Fig. 1). Each
of the dyke swarms is overlain by a generally flat-lying
Neoproterozoic and/or Paleozoic sedimentary cover.
Geological field relations thus constrain the age of the
mafic dyke swarms to lie in Paleoproterozoic and Meso-
proterozoic (Hou et al., 2005b).

Many precise ages of the Precambrian mafic dyke
swarms in the NCC have been published in recent papers.
Peng et al. (2005) gave a SHRIMP zircon U-Pb age of
1778+3 Ma for the mafic dyke swarms at Datong in the
West Block of the NCC. A diabase dyke at Mt. Hengshan
in the Central Orogenic Zone has yielded a single-grain
zircon U-Pb age of 1769.1+2.5 Ga (Halls et al., 2000).
Similarly, Liao et al. (2003) gave a *’Ar—*’Ar age of
1780.7+0.5 Ma for a diabase dyke at Fuping in the Central
Orogenic Zone. Shao et al. (2005) also gave a **Ar—*"Ar
age of 1804+ 16 Ma for a mafic dyke at Mt. Hengshan and
a **Ar—""Ar age of 1725+16 Ma for a mafic dyke at
Datong. Hou et al. (in press) gave a new SHRIMP zircon
U-Pb age of 1830+17 Ma for a large mafic dyke at Mt.
Taishan in the East Block. From the extensive previous
geochronology it can be established that the ages of these
mafic dyke swarms span between 1.83 Ga and 1.77 Ga.

These ages suggest that the widespread mafic dyke
swarms of the NCC were emplaced at the same time as
the cf. 1.8 Ga extensional event that followed cratoniza-
tion of the NCC. Thus, the mafic dyke swarms and initial
aulacogens in the NCC were developed in response to
the same extensional event in the Late Paleoproterozoic.

These mafic dyke swarms maybe extend ~ 800 km in
the West Block and Central Orogenic Zone, which are cut
into several segments by narrow Cenozoic grabens. In the
East Block, a 400 km-wide Meso-Cenozoic pull-apart
basin, the North China Basin, developed between the
Yanliao Aulacogen and the West Shandong (Mt. Taishan
area), so the mafic dyke swarms in Mt. Taishan area were
close to the Yanliao Aulacogen before Mesozoic (Hou
et al., 2001b, 2005a).
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3. A paleostress field reconstruction of the NCC

It is more difficult to reconstruct the paleostress field of
Precambrian cratons than current stress field of plates due
to few observed stress indicators in Precambrian cratons.
The widespread Late Paleoproterozoic mafic dyke swarms
in the NCC are regarded as excellent observed paleostress
indicators. The Late Paleoproterozoic stress field of the
NCC can be reconstructed based on the analysis of exten-
sional structure and elastic finite element modeling.

3.1. Extension of the brittle NCC and emplacement of
the mafic dyke swarms

About 640 mafic dykes of both N-NW and WNW
trends are found in the NCC and are distributed within
linear zones from 20 to 200 km in width. Individual
dykes are vertical to sub-vertical, up to 10s of kilometers
in length and from 5 to 100 m in width, with an average
width of 10 m.

The mafic dykes are undeformed and unmetamor-
phosed with chilled margins that exhibit sharp contacts
with the Archaean host rocks. The flow structures in the
chilled margins and radial pattern show that the dyke
swarms in the western NCC were emplaced northwest-
ward from the Xiong’er and Yanliao Aulacogens (Hou
et al., 2003). The mafic dyke swarms in the Zhongtiao
area are also radially distributed and perpendicular to the
western boundary of the Xiong’er Aulacogen. The
mafic dyke swarms in the eastern NCC follow N-NNW
trends, and flow structures suggest they were emplaced
southward (Hou et al., 2005a).

Dyke swarms are regarded as valid markers for exten-
sion event. Crustal extension in the NCC was calculated
based on the width statistics of dyke swarms on ten survey
lines (Fig. 1). The formula A=3d;/(L—3d;) was
employed in the calculation, where A is the extension
ratio; 2.d; is the total width of dykes on the survey line and
L is the length of survey line cross the observed dyke
swarms. Local extension ratios were calculated and are
presented in Table 1. An average crustal extension ratio of
0.35% was found for the NCC, which was contributed by
the mafic dyke swarms. The small magnitude of overall
extension suggests that the mafic dyke swarms were
emplaced as limited elastic fractures which formed an
“upper crustal joint system” in the NCC, and indicates the
NCC had become a brittle plate prior to the emplacement
of the mafic dyke swarms.

The mafic dyke swarms of the NCC comprise quickly
cooled intrusions of mafic magmas emplaced into a pre-
existing fracture system. The pattern of dyke swarms and
the shape of individual dykes are controlled by the me-

Table 1
The calculation results of extension ratio on the Late Paleoproterozoic
mafic dyke swarms of the NCC

Profile Length  Total Extension Region Dominant

names of width of  ratio (1) orientation
profile  dykes (%) of dyke
(L) (m) (2d;) (m) swarms

AA’ 48,000 230 0.48 Datong ~ NNW

BB’ 110,000 490 0.45 Datong ~ NNW

cc’ 11,000 270 0.25 Hengshan NNW

DD’ 80,000 280 0.35 Fuping NW

EE’ 60,000 180 0.30 Luliang ~ WNW

FF’ 60,000 190 0.32 Zhongtiao NW

GG’ 50,000 70 0.14 Taishan ~ NNW

HH' 20,000 80 0.40 Taishan ~ NNW

1 20,000 60 0.30 Mengyin  NNW

1 30,000 90 0.30 Linyi SN

KK’ 20,000 100 0.50 Linyi SN

Average

extension 0.35 NCC

chanics of formation of the pre-existing fractures and thus
the geometry of a dyke swarm can provide insight as to the
original mechanics of formation of the dyke-hosting frac-
tures (Pollard et al., 1987; Feraud et al., 1987; Emst et al.,
1995). Widespread parallel dyke swarms are generally
considered to develop parallel to the contemporary maxi-
mum horizontal principal stress, a hypothesis that is
strengthened by theoretical and experimental studies such
as those of Pollard (1987). In general, dyke swarms with
tensional form show their trends parallel to the regional
compressive stress direction while their trends are per-
pendicular to the extension direction (Baer and Beyth,
1990; Hoek and Seitz, 1995; Gudmundsson, 1995; Hee-
remans et al., 1996).

In the Mt. Hengshan area of the western NCC, most
NNW trending mafic dyke swarms are vertical, with
straight, well-defined margins and dextral offset seg-
ments, suggesting transtensional formation character of
the pre-existing fractures. The mafic dyke swarms in other
areas of the NCC are vertical and have irregular margins
suggesting a tensional origin (Hou et al., 2003, 2005a).

Most mafic dyke swarms were emplaced in pre-
existing tensional fractures with vertical and irregular
boundaries, which display stable, parallel trends not con-
trolled by the host rock lithology and occurrence. These
characteristics suggest that the pre-existing fracture
system into which the mafic dyke swarms intruded were
formed in an extension regional stress field (Hou et al.,
2001a, 2003). The orientations and density of dyke
swarms can be used to determine the nature of the paleo-
stress field, defining the horizontal principle stress direc-
tions and relative magnitudes (Price and Henry, 1984;
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Fig. 2. The six different lithologic provinces of the linear elastic FEM of the NCC (after Kusky and Li, 2003; Hou et al., 2004, in press; Zhai et al.,

2005).

Feraud et al., 1987; Hoek and Seitz, 1995). The Late
Paleoproterozoic stress field can be reconstructed by
elastic finite element models (FEM) based on the crustal
characteristic of the NCC and the above-outlined hypo-
thesis for dyke orientation as an indicator of the horizontal
principle stress direction during formation. The quantita-
tive modeling results rely on a qualitative assessment of
the fit between predicted and observed stresses (e.g. the
dyke swarms orientations).

3.2. Two dimensional finite element models (2-D FEM)

The Late Paleoproterozoic NCC was a rigid continen-
tal plate with extensive extension marked by mafic dyke
swarms throughout the entire craton. The paleostress field
can be reconstructed employing linear elastic theory. The
FEM for the NCC was generated and stress trajectories
were calculated using the ANSYS 8.0 (University Ver-
sion) finite element software package. A more detailed
description of the linear elastic finite element modeling
technique can be found elsewhere (Richardson et al.,
1979; Coblentz and Richardson, 1995).

The results of previous studies were used to constrain
the FEM of the Late Paleoproterozoic NCC (Zhao et al.,
2000; Wilde et al., 2002; Kusky and Li, 2003; Zhai and Liu,
2003; Hou et al., 2004, in press; Zhai et al., 2005). The
NCC crust was modeled by its subdivision into six
lithologically unique provinces (Figs. 1 and 2), to which

appropriate densities and elastic constants were assigned
(Lama and Vutukuri, 1978; Wang et al., 1983) (Table 2).
The six lithological provinces, each representing a separate
tectonic unit, include: A khondalite province (I); a high
pressure granulite province (II); a high amphibolite-
amphibolite facies gneiss province (III); an aulacogenic
volcanics and sediments province (IV); a TTG province
(V), and an adamellite province (VI) (Fig. 2). The five
Archaean metamorphosed rock provinces (I-11 and V-VI)
are of similar elastic properties and competent in

Table 2
Elastic rock properties employed in the 2-D FEM for the North China
Craton (Sources: Lama and Vutukuri, 1978; Wang et al., 1983)

Rock provinces Average density  Young’s Poisson’s
(lithology) (kg/m®) modulus ratio
(GPa)

Khondalites +high 2650 70 0.25
pressure
granulite (I)

High pressure 2850 80 0.25
granulite (II)

High amphibolite or 2550 70 0.25
amphibolite facies
gneiss (I11)

Aulacogenic volcanics 2400 30 0.20
and sediments (IV)

TTG (V) 2750 80 0.25

Adamellite (VI) 2800 80 0.25
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Fig. 3. The maximum principal stress (o max) trajectory maps of top three models for the Late Paleoproterozoic North China Craton Arrow indicates
the tectonic force and their length represents the data quality; fine bars in the NCC indicate the maximum principle stress vectors (0 umax); (2) equal
tectonic forces to the north and south boundaries; (b) bigger tectonic forces to the south than the north boundaries; (c) bigger tectonic forces to the
north than the south boundaries H: location of Mt. Hengshan; L: location of Mt. Luliang; Z: location of Mt. Zhongtiaoshan; S: location of Mt.
Songshan; T: location of Mt. Taishan; T’: location of Mt. Taishan before Mesozoic.

comparison to the aulacogenic volcanics and sediments
province (IV). The average density of volcanic and
sedimentary fill was taken as 2400 kg/m’, and a Young’s
modulus of 30 GPa was assumed, values much different
from those of the other rocks.

3.3. Constraints on the NCC

In the Late Paleoproterozoic, following cratonization,
the NCC was a stable continent with triangular form
bounded by the Qilian—Qinling Ocean (QQO) along its
southern boundary, which is a passive continental mar-
gin, an Andean-style orogen (IMNHO) along its nor-
thern boundary and the Tanlu Fault (TLF) in its eastern
boundary, which is a NNE-trending strike-slip fault (Fig.
1) (Kusky and Li, 2003; Hou et al., in press). The NE
trending Yanliao Aulacogen and NNE trending Xiong’er
Aulacogen stretched into the interior of the NCC (Fig. 1).
Constraints placed on each boundary for the 2-D Finite
Element Modeling of the NCC were based on the tec-
tonic context of the NCC, described above.

In most continental areas such as stable North America
and Australia, the maximum horizontal compressive stress
(0'amax) Orientation occurs broadly parallel to the direction
of plate motion and plate boundary forces exert the
principal control on the character of the first-order in-
traplate stress field. This is confirmed by present-day
regional stress field modeling (Richardson et al., 1979;
Richardson and Reding, 1991; Richardson, 1992;
Coblentz and Richardson, 1995, 1996; Reynolds et al.,
2002). For the purpose of the FEM experiments, appro-
priate compressive forces were applied normal to the

northern, southern and southwestern boundaries of the
craton with a transform style eastern boundary, as shown
in Fig. 3 (the transform style boundary can be constrained
by roller displacement). The tectonic forces applied to the
different boundaries are represented in Table 3. Stress
magnitudes of ~50 MPa were found in continents from
fieldwork for considering boundary constraint (Reynolds
et al., 2002; Chatterjee and Mukhopadhyay, 2002).

3.4. Modeling results and discussion

Orientations of the tectonic paleostress in the NCC
were predicted using a two-dimensional elastic finite
element analysis. The NCC crust was regarded as an
elastic flat plate whose thickness is 1. The finite element
grid consisted of 392 triangular elements, each defined
by 6 nodes for a total of 444 nodes. It should be noted
that the sensitivity of the modeled stresses was therefore
limited to large-scale tectonic features with wavelengths
of a few ten kilometers. The stress trajectories of the top

Table 3
Tectonic force magnitudes applied to the different boundaries for top
three models

Model Tectonic force magnitudes applied to the Results
different boundaries (MPa)
AB BC DE EF
Model A 50 50—0 50 50—0 Fig. 3a
Model B 50 50—0 70 70—0 Fig. 3b
Model C 70 70—0 50 50—0 Fig. 3¢

50 — 0 represents that tectonic forces decompress gradually from 50 to
0 MPa.
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three models are given in Fig. 3, which are three much
better fitting models in the hundreds of experiments.
Information on the stress magnitude was not included in
the calculation due to the lack of stress regime data in
the observed stress indicators.

Reasonable modeling results of paleostress fields rely
on the qualitative fit between calculated and observed
stresses (Reynolds et al., 2002; Chatterjee and Mukhopad-
hyay, 2002). A method of measurement of the success of a
FEM is to match the maximum stress trajectories with the
mafic dyke swarms orientations. Eight rose diagrams of the
mafic dyke swarms were used as observed stress indicators
to constrain the calculated stress field (Fig. 1).

The stress patterns in the NCC are divided into five
stress provinces with different patterns: The Mt. Heng-
shan area (H), the Mt. Luliang area (L), the Mt. Zhongtiao
area (Z), the Mt. Songshan area (S) and the Mt. Taishan
area (T) (Fig. 3). T’ represents the location of Taishan area
before Mesozoic.

Firstly, we see Model A (Table 3 and Fig. 3a), in which
the tectonic forces are equally applied along the north and
south boundaries of NCC. In the Mt. Hengshan area (H),
west of the aulacogens, the maximum horizontal compres-
sive stresses (0pmax) are N—S trending, about 20°-30°
(angles between dyke orientations and gpyy,.x vectors) off
the trend of the NNW trending dyke swarms of the region,
possibly due to the transtensional character of the pre-
existing fractures intruded by the mafic dyke swarms (Figs.
1 and 3a). In the Mt. Luliang area (L), oy, Orientations
are NW and trends parallel to the principle compression
which produces the joint dyke swarms (WNW trending
and NNW trending dykes) in the western Taiyuan, due to
closing the terminals of two aulacogens (Figs. 1 and 3a). In
the southern Shijiazhuang, oy, orientations fit well to
the orientation of the dyke swarms (Figs. 1 and 3a). In the
Mt. Songshan area (S), o,y Orientations trend NE and fit
well to the trend of the dyke swarms (Figs. | and 3a). In the
Mt. Taishan area (T), omax Orientations are N-NNW, but
do not fit well with the orientation of the mafic dyke
swarms. The oy, Orientations fit well with the orienta-
tions of the dyke swarms in the area T’ before the Mesozoic
after reconstruction (Figs. 1 and 3a). The rotation of o'jmax
orientations from NNW trend in the northern Taishan to N
trend in the southern Taishan may be controlled by the
strike-slip Tanlu Fault that forms the eastern boundary of
the NCC.

Except the Mt. Zhongtiao area (Z), the stress trajectory
map fit well with the orientations of mafic dyke swarms in
different provinces (Fig. 3a). ojymax Orientations trend NE
in the Zhongtiao area (Z) in the Model A, but the mafic
dyke swarms trend N-NW, NE and E-W in the area Z
(Figs. 1 and 3a).

Secondly, we see Model B (Fig. 3b), in which the
tectonic forces on the south boundary are stronger than
the forces applied on the north boundary of NCC (Table
3). The misfit between the modeled opym.x and dyke
orientations in area Z is still not resolved in Model B
though the results fit well in the other areas (Fig. 3b).

Finally, we see Model C (Fig. 3c), in which the
tectonic forces on the north boundary are stronger than
the forces applied on the south boundary of NCC (Table
3). In this model, the best fitting results are achieved
(Fig. 3c). The results in Fig. 3¢ are broadly similar to the
results in Fig. 3a and b in the most of NCC except the
Mt. Zhongtiao area (Z). In Model C, opjmax trend N—
NW, NE and E-W in a radiating pattern (Fig. 3c). The
O Hmax Vectors fit very well to the radiating dyke swarm
orientations in the area Z (Fig. 1).

The stress trajectories are more densely concentrated
near the west of the two aulacogens due to the intersection
at that point 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 o max Orientations in the stress vector plot are well
fitted to the mafic dyke swarms trends throughout the
NCC. The stress trajectories are continuous in the
Archaean crystalline basement due to the similar elastic
properties in the different lithological provinces, except
for the sizable contrast between the elastic properties in
the basement and in the aulacogens.

Model C is the best fitting model among the top three
models. The results presented in Model C provide a good
fit to the observed paleostress indicators (e.g. dyke
swarms) throughout the entire NCC. Our modeling results
indicate that a good fit to the orientations of dyke swarms
in area Z requires stronger compression along the north
boundary than the south boundary of NCC. About 40%
difference between the forces along the north and south
boundaries can result in a significant change in the
predicted opymax Orientations for area Z. The comparisons
between the top three models suggest that the observed
paleostress field in area Z plays a critical role in
determining the relative force magnitude along the north
and south boundaries (Fig. 3 and Table 3).

Model C is more tectonically plausible than the other
models. The tectonic forces are stronger on the north
boundary than the south boundary (Table 3 and Fig. 3c).
The tectonic forces along the north boundary are
dominant in the boundary constraints. This assumption
is supported by previous tectonic studies. The north
boundary is a Late Paleoproterozoic Andean-style Orogen
whose collision resulted in the exhumation of a 700-km
long high pressure granulite belt in the northern NCC,
while the south boundary is a passive continental
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boundary (Zhai et al., 2000; Kusky et al., 2001; Li et al.,
2001, 2002; Kusky and Li, 2003; Zhai et al., 2005).

The top three fitting models (Fig. 3), show maximum
stress trajectories that swing from N—NW in the northwest
toward more southerly trends to the N—NE, possibly due
to the coupling between the north—south forces and the
eastern strike-slip boundary (Figs. 1 and 3). The modeled
stress field in the NCC is highly sensitive to changes in the
forces applied to the craton boundaries. The results sug-
gest that the dyke swarms in the West Block, Central
Orogenic Zone and the East Block represent coeval ex-
tensional structures in the NCC, controlled by the same
stress field in the Late Paleoproterozoic.

Factors affecting the modeling results of modeling of
the paleostress field include the nature of the applied
tectonic forces, the shape of the NCC, the geometrical
configuration outlining of the aulacogens, the behaviour
of the eastern boundary (strike-slip or not strike-slip) and
the value of the different elastic properties assigned to the
NCC. The results of finite element modeling of the NCC
indicate that the north—south tectonic forces play a major
role in determining the paleostress field in the NCC. The
comparisons between three models suggest that tectonic
forces control the regional intraplate stress field of the
NCC. Furthermore, boundary shape and lithological pro-
perties also affect the stress pattern. The elastic properties
of different rock units less influence the modeling results
due to the similarity of the different Archaean crystalli-
zation basements in Young’s modulus and Poisson’s
ratio.

4. Conclusions

The North China Craton became a rigid craton after the
cratonization at ~1.85 Ga. The Xiong’er Aulacogen
developed Xiong’er Group volcanic rocks stretching to
interior from the southern NCC as a triple junction
(1.84 Ga), while the Yanliao aulacogen was filled with
aulacogenic volcanics and sedimentary rocks (1.84—
1.60 Ga). The mafic dyke swarms cutting all of the Neo-
archean and Early Paleoproterozoic terrains mainly span
from 1.83 to 1.77 Ga. An average extension ratio of 0.35%
was calculated for the extension related to the mafic dyke
swarms. This suggests that the mafic dyke swarms are just
a very limited crustal fissure system and the mafic dyke
swarms possibly mark the start of a Late Paleoproterozoic
supercontinent break-up.

The modeling results of Late Paleoproterozoic stress
field of the NCC suggest the mafic dyke swarms in the
Central Orogenic Zone, the Western and Eastern Blocks
were formed in the same tectonic setting. These dyke
swarms throughout the NCC are related to the same

extensional episode in the Late Paleoproterozoic. Tectonic
forces and the boundary shape play important roles in
determining paleostress trajectories. The comparisons
between the top three fitting models suggest that north—
south tectonic forces control the regional intraplate stress
field in the NCC. The best fitting model indicates that the
tectonic forces are stronger along the north boundary than
the south boundary of the NCC. The best model, while
nonunique, can be considered to be a plausible represen-
tation of the tectonic constraint on the boundaries of the
NCC. Compressional forces act along the north and south
boundaries to produce stress focusing normal to these
boundaries and stress rotation in a triangle area.

Similar Late Paleoproterozoic dyke swarms to that
discussed in this paper are also found in the South India
Craton and the western Canadian Shield (Giddings, 1976;
Buchan and Halls, 1990; Okrugin et al., 1990; Boyd and
Tucker, 1990; Rao et al., 1990; Radhakrishna et al., 1999;
Griffin et al., 1999). It may be useful to reconstruct a mantle
superplume position of supercontinental break-up by
comparing the mafic dyke swarms of different cratons
throughout the world. The coeval dyke swarms in the NCC
and other cratons mentioned above suggest that the North
China Craton may represent a part of a Pre-Rodinia
supercontinent. The tectonic forces on the Late Paleopro-
terozoic NCC perhaps came from the break-up of the Pre-
Rodinia supercontinent, and induced the intraplate exten-
sion of the NCC (e.g. N-NNW trending mafic dyke
swarms). The modeling results tell us that the mafic dyke
swarms did not directly result from the break-up of a
supercontinent, but were induced from the north—south
tectonic forces given by oceanic spreading during the
break-up episode of the supercontinent.

Precisely dated mafic dyke swarms, when used as
paleostress indicators, can become conspicuous tectonic
markers for the reconstruction of supercontinents.
Paleostress field modeling provides a possible approach
to consider the supercontinent paleostress reconstruction
and to reveal mechanisms of supercontinent break-up.
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