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Abstract In order to better understand the role of post-collisional mafic magmatism at convergent plate boundaries in revealing

the earth’s evolution, this paper has systematically summarized the research history of post-collisional mafic magmatism,
different types of collision and their influence on the nature of orogenic mantle, the concept and implication of post-collisional
magmatism, and the relationship between post-collisional mafic magmatism and orogenic mantle evolution and mineralization.
Post-collisional mafic igneous rocks are not only the direct records for studying the nature and evolution of orogenic mantle, but
also the important carriers for regional mineralization. However, the type and quantity of the crustal materials involved in
modifying the overlying lithospheric mantle during collisional orogeny, the process and mechanism of such modification, and
the major control factors and mechanism of mafic magmatism-related mineralization during the post-collisional period are the
main contents and direction of future researches in this field. Therefore, the study of post-collisional mafic magmatism is of
significant implications for developing the theory of plate tectonics.
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1. Introduction

The post-collisional geodynamic setting and/or post-colli-
sional magmatism at convergent plate boundaries, as a spe-
cial tectonic stage in the evolutionary history of the earth, has
not been fully integrated in the realm of classical plate tec-
tonics, and even seldom mentioned in mantle plume theory
(Liegeois, 1998). However, intense magmatism and accom-
panied mineralization are often developed during the post-
collisional period. Up to now there are still some questions
needed to be answered. How to define the post-collisional
magmatism? What are the implications of post-collisional
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igneous rocks for our understanding of earth deep processes,
especially the mantle evolutionary history of orogenic belts?
What significance do they have in developing the theory of
plate tectonics? These questions are still the main subjects of
the studies of post-collisional magmatism.

2. Research history of post-collisional magma-
tism

In terms of the differences in the research contents of post-
collisional magmatism at convergent plate boundaries,
combined with the advance in global tectonic research and
the development of analytical techniques, the research his-

earth.scichina.com link.springer.com


https://doi.org/10.1007/s11430-019-9611-9
https://doi.org/10.1007/s11430-019-9611-9
http://earth.scichina.com
http://link.springer.com
http://crossmark.crossref.org/dialog/?doi=10.1007/s11430-019-9611-9&amp;domain=pdf&amp;date_stamp=2020-04-22

2030 Xu W, et al.

tory of post-collisional magmatism can be divided into the
following several stages.

(1) Before mid-1980s: It can be called as experimental
petrology and petrogenesis stage. The study of post-colli-
sional magmatism mainly focused on the petrogenesis of
alkaline igneous rocks and A-type granites at this stage. The
formation conditions of alkaline magma and the influence of
source heterogeneity on the formation of alkaline magma are
main research subjects of high-temperature and high-pres-
sure experimental petrology (e.g., Wendlandt and Eggler,
1980a, 1980b; Yoder, 1986; Clemens et al., 1986).

(i1) Mid-1980s to Late-1990s: It can be called as petro-
geochemistry and petrogenesis stage. Whole-rock geo-
chemical data, especially Sr-Nd-Pb isotopic data, was widely
used to study the genesis of potassic-ultrapotassic igneous
rocks at this stage (Nelson et al., 1986). Besides the timing,
geochemical characteristics, classification and genesis of
potassic-ultrapotassic magmatism, scientists began to study
the nature of their mantle source and their relationship with
evolution of orogenic belts (Hawkesworth et al., 1985; Bonin
et al., 1987; Liegeois and Black, 1987; Foley et al., 1987;
Thompson et al., 1990).

(iii) Late-1990s to Early 21st century: It can be called as
the period of the application of multiple isotope systems and
the study on the genesis and nature of source region of post-
collisional igneous rocks. Since multiple isotopes (mainly
the radiogenic Sr-Nd-Pb) were applied on the study of post-
collisional igneous rocks after late 1980s, more attentions
had been paid to the nature of their source, such as the
contribution and effect of the mantle and crustal materials to
post-collisional igneous rocks (Bonin, 1996; Lustrino et al.,
2000).

(iv) Early 21st century to the present: This period is mainly
characterized by the application of in-situ mineral element
and isotope and whole-rock nontraditional isotope analysis,
and studies on the nature of mantle source, dynamics and
crust-mantle interaction process. With the development of
analytical techniques (e.g., in-situ mineral elements and
isotopes, Os-Hf-O and nontraditional isotopes), more atten-
tions have been paid to the mantle dynamics (Liu and Fei,
2006; Prelevié et al., 2012; Wang et al., 2014; Kubinova et
al., 2017), the process and mechanism of crust-mantle in-
teraction (Dai et al., 2011, 2012, 2015a,2016a; Dai F Q et al.,
2016; Zhao et al., 2011, 2013, 2015; Huang et al., 2015), the
lithology of mantle source region (Sobolev et al., 2005;
Herzberg, 2011; Dai et al., 2014, 2017a, 2018; Dai et al.,
2019), and the contributions of different crustal materials to
source region (Gao et al., 2008; Liu et al., 2008; Ammannati
etal., 2016; Dai et al., 2015b, 2016b, 2017b; Dai et al., 2019;
Zhao et al., 2015).

In this regard, the studies of post-collisional magmatism
have experienced evolution from experimental petrology and
petrogenesis, lithochemistry and geochemistry, through the
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nature and evolution of magma sources, to lithotectonic
probe for deciphering the lithospheric deep processes. This
also provides a guidance on the future study of post-colli-
sional magmatism.

3. Collisional types and its influence on the
nature of orogenic mantle

The post-collisional magmatism is a term relative to collision
and also occurs at convergent plate boundaries. In order to
better understand the post-collisional dynamics, the types of
collision and its influence on the nature of mantle source
should first be understood in the framework of earth evolu-
tion and plate tectonics. According to the distinct property of
subducted slab, different types of collision have been iden-
tified during plate convergence.

3.1 “Arc-continent” collision corresponding to “ocean-
ocean” and “ocean-continent ” subduction

Island arc is formed during ocean-ocean subduction, such as
the Izu-Bonin-Mariana (IBM) arc, which is the result of
subduction of the Pacific plate beneath the Philippine plate
(Stern et al., 2004; Reagan et al., 2010). With the continuous
subduction of the Philippine plate beneath the Eurasia, the
IBM arc will collide with the Eurasia continent. Many oro-
genic belts are formed by ocean-continent subduction and
arc-continent collision, such as the Central Asian Orogenic
Belt (CAOB) and western Gangdese Orogenic Belt. The
former is the result of the Paleo-Asian oceanic plate sub-
duction, where most arc terranes collided with micro-
continents in the Paleozoic (Xiao et al., 2003, 2015; Song et
al., 2015a). For example, the collision between the Duo-
baoshan arc and Xing’an Block took place in the late stage of
early Carboniferous (Li et al., 2014). The latter was gener-
ated by multiple stages of subduction and accretion of the
Neo-Tethyan arc beneath the Lhasa Block since Mesozoic,
leading to the final collision and amalgamation of the
Koshistan terrane with the southern margin of Asian con-
tinent (Aitchison et al., 2000; Jagoutz, 2014; Xu et al., 2019).

The mainly geological processes occurred during arc-
continent collision contain the lateral accretion of crust, and
the magmatism and metamorphism related to collision
(Figure 1). For example, the arc-continent collision result in
the formation of the CAOB as the largest accretionary oro-
gen on Earth, where syn-collisional magmatism (late Car-
boniferous garnet-bearing monzogranite at the eastern
margin of the Xing’an Block) and high-pressure meta-
morphism (early Carboniferous blueschist in Nenjiang, Bu-
reau of Geology and Mineral Resources of Heilongjiang
Province, 1993) occurred simultaneously. During arc-con-
tinent collision, the reworking of juvenile and ancient con-
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Figure 1 Accretionary (arc-continent collisional) orogeny (revised from Zheng, 2012).

tinental crust and the formation of enriched lithospheric
mantle generally occur due to the convergence of juvenile
oceanic crust, juvenile and ancient continental crust at this
stage (Zhu et al., 2011; Wu and Zheng, 2013).

3.2 “Continent-continent” collision corresponding to
“continent-arc-continent” and “continent-continent”
subduction

Continent-arc-continent and/or continent-continent colli-
sional orogens are formed with the disappearance of sub-
ducting oceanic slab, the closure of ocean and the subsequent
arc-continent collision due to the pulling of descending
oceanic slab (Yin and Harrison, 2000; Zheng et al., 2013;
Song et al., 2014, 2015b; Xu et al., 2019).

In continent-arc-continent collisional orogens (Figure 2),
the mainly geological processes contain the lateral accre-
tion of crust during arc-continent collision and subsequent
high-pressure (HP) to ultrahigh-pressure (UHP) meta-
morphism due to continent-continent subduction and col-
lision. Typical examples are the arc-continent collisional
orogen (Gangdese belt) formed by the northward subduc-
tion of the Neo-Tethyan oceanic plate at the southern
margin of the Tibet Plateau since early Mesozoic, and the
subsequent continent-arc-continent collisional orogen be-
tween the Indian and Asian continents (Yin and Harrison,
2000; Xu et al., 2019). During continent-arc-continent
collision, the reworking of juvenile and ancient continental
crust, and the formation of enriched lithospheric mantle
generally occur (Zhao et al., 2013; Chung et al., 2005). For
example, the spatial variation of zircon Hf isotopic com-
positions in the Mesozoic crust-derived igneous rocks at the
southern margin of the Tibet Plateau suggests the reworking
of juvenile and ancient continental crust materials (Zhu et
al., 2011), whereas the enrichment of incompatible ele-
ments in the mantle-derived igneous rocks reveales the
contribution of early subducted crustal materials to the
formation of enriched mantle source (Chung et al., 2005;
Zhao et al., 2009; Zheng, 2012).

In continent-continent collisional orogens (Figure 3), the
main geological processes include the HP to UHP meta-
morphism and the reworking and recycling of ancient con-
tinental crustal materials during the subduction and collision
between two continents, such as the Qinling-Tongbai-
Hong’an-Dabie-Sulu orogenic belt (Xu et al., 1992; Zheng,
2008; Liou et al., 2009; Zheng et al., 2003, 2019a; Wu and
Zheng, 2013). During continent-continent subduction and
collision, the reworking of ancient crustal materials and the
formation of enriched lithospheric mantle generally occur.
The Dabie-Sulu orogenic belt was formed by the collision of
the South China and North China bolcks, where the UHP
metamorphic rocks occurred and were even partially melted
during the exhumation of subducted continental crust (Zheng
et al., 2011). The generation of felsic veins in UHP meta-
morphic rocks and syn-exhumation granites are the case in
point (Chen et al., 2017; Zhao et al., 2012, 2017a), which
suggests the reworking of subducted continental crust ma-
terials. The Late Triassic mafic igneous rocks in the Jiaodong
Peninsula and southern Liaoning, and the Early Cretaceous
mafic igneous rocks in western Shandong are characterized
by arc-like trace element distribution patterns and enriched
Sr-Nd isotopic compositions, indicating that the enriched
mantle source was generated by the modification of the
overlying lithospheric mantle peridotite by the subducted
continental crust materials (Yang et al., 2005, 2007; Gao et
al., 2008; Yang D B et al., 2012; Yang Q L et al., 2012a,
2012b; Zhang et al., 2012; Zhao et al., 2012; Xu et al., 2013a;
Dai et al., 2019). In addition, some mantle-derived mafic
igneous rocks occurred within the collisional orogenic belt
and the margin of overlying continental block, also record the
modification of lithospheric mantle by previously subducted
paleo-oceanic crust materials (Li et al., 2016, 2018). The
mafic magmatic rocks occurred in southern Liaodong Pe-
ninsula (Early-Middle Triassic) and the Qinling-Tongbai-
Hong’an orogenic belt (Early Cretaceous-Cenozoic) generally
display OIB-like trace element distribution patterns and rela-
tively depleted Sr-Nd isotopic compositions, suggesting the
modification of overlying mantle by the subducted Paleo-
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Figure 2 Continent-arc-continent collisional orogeny (revised from Zheng, 2012).

Collisional orogeny

Figure 3 Continent-continent collisional orogeny (revised from Zheng, 2012).

Tethyan oceanic crust which provides the pulling force for
the subduction of the South China Bolck (Dai et al., 2015b,
2017b, 2018; Zhao et al., 2015; Fang et al., 2020).

4. The definition, characteristics and time lim-
itation of post-collisional mafic magmatism

4.1 Definition of post-collisional magmatism

The “post-collisional geodynamic setting” and “post-colli-
sion magmatism” are relative to collisional orogeny. There-
fore, determining the timing of collisional orogeny is the
major premise. The basic principle to determine the timing of
collisional orogeny is that the geological records generated
before and after collision can be used to define the timespan
of collisional orogeny. For example, the sedimentation,
magmatism and metamorphism during oceanic subduction
can be used to constrain the lower limit of collisional or-
ogeny, whereas the magmatism, metamorphism and molasse
deposition during collisional orogeny can be used to de-
termine its upper limits (Liégeois, 1998; Zheng and Wu,
2018). In view of the formation time of post-collisional
magmatism, the post-collisional event is younger than the

collisional orogeny. Furthermore, post-collisional magma-
tism takes place in a different tectonic setting from the col-
lisional orogeny, but it has inheritance in both texture and
composition from the collisional orogen (Zheng et al., 2013,
2019a).

Generally, the collision occurs between two or more con-
tinents, which is marked by the occurrence of major thrust
faults and HP to UHP metamorphism. However, post-colli-
sion usually refers to the period after the transition from a
convergent plate boundary to an intracontinent environment,
where the major ocean is closed, but still with the occurrence
of reactivation along the mega-suture zones, which is es-
sentially indistinguishable from an intraplate setting. The
post-collisional setting is a composite tectonic stage that can
include many geological events such as large horizontal
movements along shear zones, delamination and collapse of
orogenic roots, and generation of small oceanic basin, which
are generally related to continental rifting (Zheng and Chen,
2017). As these events happen in continuous or episodic
extensional regimes, the various types of magmatisms gen-
erated in such settings can be referred to as post-collision
magmatism (Liégeois, 1998; Bonin, 2004; Zheng and Chen,
2017; Zheng et al., 2019b).
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4.2 Use of the term “post-collisional magmatism” and
its implication

At present, there are two different expressions for “post-
collision magmatism” in the literatures, i.c., Late-collisional
magmatism and Post-collisional magmatism. The former
refers to the magmatism occurred in the late stage of colli-
sion event such as Late Triassic syn-exhumation alkaline
magmatism in the Jiaodong Peninsula and southern Liaoning
Peninsula (Yang et al., 2005, 2007; Zhao et al., 2012, 2017a).
The latter implies the magmatism occurred after collisional
orogeny, whose formation time and geodynamical setting are
independent of collisional orogeny, but its source region has
been affected by collision event such as the Early Cretaceous
magmatism in the Dabie-Sulu orogenic belt and its adjacent
areas (Yang et al., 2004; Yang D B et al., 2012; Zhao and
Zheng, 2009; Zhao et al., 2017b). With respect to potassic-
ultrapotassic igneous rocks in the southern Tibet plateau,
they have a range of emplacement ages from 48 to 8§ Ma
(Chung et al., 2005; Zhao et al., 2009). Most of these ages are
later than the time span of 55+10 Ma for the collisional
orogeny between the Indian and Asian continents (Zhu et al.,
2011; Hu et al., 2016; Zheng and Wu, 2018). Thus, the
majority of these igneous rocks belong to the product of post-
collisional magmatism at 48—44 Ma may be categorized into
late-collisional one. Nevertheless, all these potassic-ultra-
potassic igneous rocks are the product of extensional tec-
tonism, recording extension of the orogenic lithosphere since
the late-collisional stage. In order to avoid confusion, we
agree with the suggestion by Liégeois (1998), i.e., distin-
guishing “post-collisional magmatism” from “late-colli-
sional magmatism”.

Recently, Zheng et al. (2019b) proposed that the forma-
tion and evolution of a orogenic belt at convergent plate
boundary can be subdivided into three stages (Figure 4),
i.e., the accretionary orogeny stage related to the subduc-
tion of oceanic plate, the collisional orogeny stage related to
the collision and amalgamation of continents, and the rift-
ing orogeny or post-collisional stage related to large-scale
reactivation of lithosphere along previous compressional
orogen at the convergent plate boundary. However, Li¢-
geois (1998) suggested that post-orogenic and anorogenic
stage should be classified as the intraplate stage. Indeed, the
covergent plate boundaries had become intracontinental
environment after the collision between two continents
happened. Thus, the post-collisional and post-orogenic
should be distinguished when using the terminology of
post-collisional magmatism. The former indicates that the
magmatism occurs after the collisional period but is ge-
netically related to the collisional event, while the latter
refers to the magmatism occurred after either accretionary
or collisional orogenic cycle. For the post-collisional
magmatisms, they usually formed by rifting orogeny along
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Figure 4 The definition of orogenesis (revised from Zheng et al., 2019b).

the fossil suture zone (Zheng and Chen, 2017; Zheng and
Zhao, 2017), thus belonging to magmatisms after a cycle of
compressional-style orogeny.

4.3 Characteristics of “post-collisional magmatism”
and its distinction with “intraplate magmatism”

Post-collisional magmatism usually has the following char-
acteristics (Liégeois, 1998; Bonin, 2004; Zhao and Zheng,
2009; Song et al., 2015b): (1) Post-collisional magmatism is,
in volume, mainly potassic and in particular high-K calc-
alkaline rocks with subordinate amount of shoshonitic rocks.
Strongly peraluminous and alkaline-peralkaline granitoids
may be voluminous but are more sporadic. Compared with
granitoids, the outcropping of mafic-ultramafic igneous
rocks is less, including pyroxenite, gabbro, basalt and mafic
dykes; (2) post-collisional magmatism is commonly linked
to large-scale horizontal movements along the major shear
zones; (3) the source region of post-collisional magmatism
has been generated during the preceding subduction and
collision period, whether it lies within the crust or litho-
spheric/asthenospheric mantle. Moreover, this source can
contain a large amount of juvenile components, either mantle
or newly formed crust of igneous or sedimentary character
(Liegeois, 1998; Bonin, 2004). The nature of magma source
is mainly related to the types of collision. It is generally
difficult to determine the composition of source region, as
juvenile mafic lower crust is geochemically and isotopically
similar to lithospheric mantle. At present, it is widely ac-
cepted that the geochemistry of post-collisional igneous
rocks could reflect the composition of their magma source
materials. Much less assent exists on the idea that geo-
chemistry can characterize geotectonic setting (Licgeois,
1998).
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The intraplate magmatism also occurs within the continent
out of orogenic belt such as Cenozoic continental basalts in
eastern China. The main marks have been proposed for
distinguishing post-collisional magmatic rocks from in-
taplate magmatic rocks. For example, Li¢geois (1998) sug-
gested that distinguishing marks are: (1) Post-collisional
magmatism usually ends with silica-oversaturated calc-al-
kaline igneous rocks, while intraplate magmatism is domi-
nated by silica-undersaturated alkaline igneous rocks; (2)
most post-collisional magmatism is related to the large-scale
horizontal movement along major shear zones, while the
large-scale horizontal movements have already terminated in
the intraplate period, heralding the arrival of quieter in-
traplate period; (3) the transition to intraplate period, where
the entire area acquires a unique pole of rotation and con-
stitutes a single plate. This transition marks the end of or-
ogeny. In view of the advances in mordern igneous
petrology, the Licgeois (1998)’s suggestions can be re-
interpreted as follows: (1) Post-collisional magmatism is
characterized by high degree of partial melting to result si-
lica-oversaturated calc-alkaline magmatism, whereas in-
traplate magmatism is characterized by low degree of partial
melting to result in silica-undersaturated alkaline magma-
tism; (2) post-collisional magmatism dominantly occurs in
unstable collisional orogens, whereas intraplate magmatism
usually occurs within stable continents; (3) when the con-
tinent enters a stable period, the entire area occurs as a whole
in petrotectonics (but unnecessarilly constitutes a single
plate), but this tectonic transition does not mark the end of
rifting orogeny.

The convergent plate boundaries have become intraplate
environments since the amalgamation of two continents.
Traditionally, the transition from post-collisional to in-
traplate periods is used to mark the end of an orogenic cycle,
but this actually refers to as the end of a Wilson cycle. An
orogenic cycle actually is the duration of one of the three
types of orogeny (accretionary, collisional, or rifting). Gen-
erally, the duration of accretionary orogeny is the longest
among the three types of orogeny, whereas that of collisional
orogeny is the shortest, and that of rifting orogeny is in be-
tween (Zheng and Chen, 2017). The post-collision is after
either arc-continent collision or continent-continent colli-
sion. For the Wilson cycle, once post-collisional magmatism
occurs at a convergent plate boundary, it indicates a failed
continental rift there, which is a prelude of continental
breakup. If a continental rift could evolve into continental
breakup and seafloor spreading, it would be a successful
continental rift and thus start a new Wilson cycle (Zheng et
al., 2019a). Therefore, the continental collision marks the
end of a Wilson cycle (Dewey and Burke, 1974), whereas
post-collisional magmatism is a tectonic response to con-
tinental rifting along fossil suture zones (Zheng and Chen,
2017).

December (2020) Vol.63 No.12

4.4 Time range of post-collisional magmatism in typi-
cal orogenic belts

The determination of the timespan of post-collisional mag-
matism is the foundation to study the origin of post-colli-
sional magmatism and its relationship to mineralization.
According to available results, there are two main views at
present. One is that post-collisional magmatism mainly oc-
curs after collision, which is related to extensional tectonism
and belongs to the highly evolved product in collisional
orogens, its origin is related to rifting orogeny (Zheng and
Chen, 2017). When the alkaline magmatism occurs, it marks
the beginning of a quiet period of intraplate settings (Lie-
geois, 1998). The other is that the source compositions of
post-collisional igneous rocks are affected by the collisional
orogeny, and post-collisional magmatism occurs at some
time after the collisional orogeny (Zhao and Zheng, 2009;
Zheng et al., 2019a, 2019b). So, what is the time interval
between syn-collisional and post-collisional magmatisms?
This may be answered by studying the formation and evo-
lution of typical collisonal orogens and associated magma-
tism.

The Dabie-Sulu orogenic belt is a typical Mesozoic con-
tinent-continent collisional orogen in east-central China.
Zircon U-Pb dating for UHP metamorphic rocks indicates
that the UHP metamorphism occurred at 240-225 Ma
(Zheng et al., 2009; Liu and Liou, 2011), marking the peak
period of collisional orogeny. Magmatism closely associated
with the processes of the subduction and collision includes
Early-Middle Triassic diabases at 244-247 Ma in the
southern margin of Liaodong peninsula (Fang et al., 2020),
and Late Triassic Jiazishan alkaline rocks at 201-220 Ma
(Yang et al., 2005; Zhao et al., 2012; Xu et al., 2016) and
Mibaishan granites (Zhao et al., 2017a) in the Jiaodong pe-
ninsula. According to the emplacement ages of these igneous
rocks, the former belongs to syn-subduction magmatism,
whereas the latter belongs to syn-exhumation magmatism.
The two episodes of magmatism together make syn-colli-
sional magmatism. In this regard, the duration from collision
and compression to exhumation and extension in the colli-
sional orogen is about 20-35 Myr, which is the duration of
this collisional orogeny. In addition, voluminous Early Cre-
taceous igneous rocks occur in the Dabie-Sulu orogenic belt
and its adjacent areas, which have magma emplacement ages
of 145-118 Ma, mainly at 130-120 Ma (Zhao et al., 2017b).
The lithochemical and geochemical studies have demon-
strated that these mafic and felsic igneous rocks are the
products of partial melting of the orogenic lithospheric
mantle modified by subducting continental crust-derived
material and subducted continental crust itself, respectively
(Zhao et al., 2013, 2017b). A few Cretaceous mafic igneous
rocks in the Qinling-Tongbai-Hong’an orogenic belt west of
the Dabie-Sulu are characterized by OIB-like trace element
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distribution patterns and depleted radiogenic isotopic com-
positions, recording recycling of the previously subducted
paleo-Tethyan oceanic crust and related crust-mantle inter-
action (Dai et al., 2015b, 2017a, 2017b, 2018). If all these
magmatic rocks are considered as the products of post-col-
lisional magmatism, the time interval between the magma-
tism and collisional orogeny reaches up to 80—110 Myr.

The Himalayan orogen in the southern Tibetan plateau is a
typical Cenozoic continental subduction/collision orogen,
which is the result of collision between the Indian and Eur-
asia continents despite the arc-continent collision in the
Mesozoic (Zheng and Wu, 2018; Zheng et al., 2019b). Pre-
viously, there is some debate on the timing of continent-
continent collision, even the whole Cenozoic was regarded
as the age of collisional orogeny. With the development of
isotopic dating techniques, it has been recognized that the
collisional orogeny occurred in a short period of 55+10 Ma
(Zhu et al., 2011; Hu et al., 2016; Zheng and Wu, 2018). The
potassic-ultrapotassic magmatism in the southern Tibetan
plateau, which is considered the representative of post-col-
lisional magmatism, mainly occurred at 46—8 Ma (Chung et
al., 2005; Zhao et al., 2009). These age differences indicate
that the post-collisional magmatism in the southern Tibetan
plateau happened at 10-50 Myr after the continental colli-
sion between India and Asia. The Anatolian orogen, an im-
portant part of the Alpine-Himalayan orogenic belt, is the
product of arc-continent and continent-continent collision
during evolution of the Neo-Tethyan Ocean. In the north-
western Anatolia, the collision between the Kirsehir con-
tinent and Anatolian island terrane took place at the
Paleocene to Early Eocene, whereas the post-collisional
magmatism began at ~54 Ma and continued until the Qua-
ternary (Dilek and Altunkaynak, 2007, 2009; Giiraslan and
Altunkaynak, 2019). Therefore, the post-collisional mag-
matism in the Anatolian orogen lasts about 50 Myr since the
end of collisional orogeny.

The Central Asian orogenic belt is a typical arc-continent
collision accretionary orogen. Its eastern section is com-
monly called as the Xing-Meng orogen, which is the result of
the evolution of the Paleo-Asian Ocean. Based on the timing
of syn-collisional granite and late Permian molasse deposi-
tion, the finial formation of the Xing-Meng orogen (i.c., the
final closure of the Paleo-Asian Ocean) occurred at 250-245
Ma in the Late Permian-Middle Triassic (Li, 2006; Xu et al.,
2013b; Song et al., 2015a; Wang et al., 2018). The post-
collisional magmatisms can be represented by the alkaline
igneous rocks and Late Triassic granitoids (205-230 Ma)
distributed in east-west trending in the northern margin of the
North China Craton, and the mafic-ultramafic intrusive rocks
(210-225 Ma) in the orogen (Wu et al., 2004; Xu et al.,
2013b). Therefore, post-collisional magmatisms in the Xing-
Meng orogen occurred at 20—45 Myr after the collisional
orogeny.
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The European Variscan orogenic belt extends from Iberia
in the west to Bohemia in the east, including the north-central
Pyrenees-Iberian Peninsula, French Massif Central, Vosges-
Black Forest Region, Corsica-Sardinia Island, and Bohemian
terrane and other regions. The collision of multiple terranes
occurred in the Late Silurian to Early Permian, mainly in the
Early Carboniferous. Among them, the age of peak meta-
morphism in the French Massif Central is about 420400 Ma
(Berger et al., 2010) and post-collisional magmatism mainly
occurred at 345-300 Ma (Paquette et al., 2003; Faure et al.,
2010). However, the ages of UHP metamorphism are 360—
353 Ma in the Bohemia Earle and Italian Alps regions
(Schmidicke et al., 1995), where post-collisional magma-
tism mainly occurred at 310-260 Ma (Dallagiovanna et al.,
2009; Maino et al., 2012). Despite systematic differences in
the ages of metamorphism and magmatism between the
western and eastern segments, it appears that the post-colli-
sional magmatisms in the French Massif Central and Bohe-
mia regions occurred at about 40-100 Myr after the
collisional orogeny.

The western Gondwana orogenic belt (also known as the
Pan-African orogenic belt) formed at 620-580 Ma, whereas
the post-collisional magmatism occurred mainly at 580-525
Ma (Araujo et al., 2014), indicating that the post-collisional
magmatism in this orogenic belt mainly occurred at about 50
Myr after the collisional orogeny.

In summary, based on the collisional timing of typical
orogenic belts and the timing of post-collisional magmatism,
we conclude that post-collisional magmatisms in collisional
orogens generally occurred at about 20-50 Myr after colli-
sional orogeny, some are even less than 20 Myr or more than
100 Myr. The Dabie-Sulu orogenic belt has the most obvious
time interval between collisional orogeny and post-colli-
sional magmatism, making the time interval between Trias-
sic continental collision and Early Cretaceous magmatism
very clear (Zhao et al., 2013, 2017b). However, with respect
to the continental collision after the closure of the Neo-
Tethyan ocean in the southern margin of Eurasia, the time
interval between collisional orogeny and post-collisional
magmatism is relatively short, sometimes it is difficult to
distinguish from each other. In addition, syn-collisional
magmatic rocks are mainly emplaced on continental margins
above subduction zones, whereras late-collisional and post-
collisional magmatic rocks can be emplaced on the con-
tinental margins of both sides of plate suture zones.

5. Post-collisional mafic magmatism: Records
of the nature and evolution of orogenic mantle

According to the activity and stability of petrotectonic units,
lithosphere can be subdivided into cratonic and orogenic
units. Orogenic belts, as main sites where tectonic processes
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occur during the evolution of Earth, record not only the
crustal accretion and reworking, but also the formation and
evolution of lithospheric mantle. How to understand the
nature and evolution of orogenic belts? Whereas post-colli-
sional felsic magmatism records the crustal growth and re-
working, post-collisional mafic magmatism reflects the
evolution of orogenic mantle (Dilek and Altunkaynak, 2007,
2009; Zhao et al., 2013; Song et al., 2014; Chung et al., 2005;
Zheng et al., 2020). Then, what are the factors to influence
the nature and evolution of orogenic mantle?

Firstly, the nature of orogenic mantle can be affected by the
irregular geometry of subducting slab (tearing, detachment
and rolling-back), subduction velocity, polarity and dip angle
as well as the composition of the mantle wedge before
subduction (Syracuse et al., 2010; Li et al., 2015; Zheng and
Chen, 2016). Secondly, orogenic process is the second factor
to influence the nature of orogenic mantle. The collisional
tectonism in orogens caused the thickening and stacking of
lithosphere, resulting in the geochemical heterogeneity of
orogenic mantle. The lithospheric uplift, collapse, detach-
ment and rifting occurred successively after collisional or-
ogeny are the main geodynamic mechanisms for the
generation of post-collisional magmatism (Zheng and Zhao,
2017; Zheng et al., 2019b, 2020). Thirdly, the formation
mechanism of orogenic belts is also a factor to result in the
difference in the composition of orogenic mantle. Therefore,
it is possible that post-collisional magmatism can be used to
understand the dynamic evolution of orogenic lithosphere,
which is detailed as follows.

With respect to arc-continent collisional orogens, the
mantle wedge beneath active continental margin would be
metasomatized by materials derived not only from pre-
viously subducted oceanic crust, but also from subsequent
subducted continental crust. As a result, the orogenic litho-
spheric mantle is relatively rich in fluid-mobile elements
(Zheng, 2019).This is exemplified by the Mesozoic Gangd-
ese orogen in the southern Tibet (Zhu et al., 2011; Zheng et
al., 2019b). With respect to the geochemical enrichment of
the mantle wedge beneath the active continental margin, it
has experienced at least three stages: (1) The southern mar-
gin of the Asian continent was metasomatized by subduction
of the Neo-Tethyan oceanic plate in the Mesozoic, generat-
ing the Gangdese continental arc; (2) during the Early Cen-
ozoic subduction of the Indian continent, the mantle wedge
beneath the continental arc was metasomatized again by
fluids from the subducting continental crust, resulting in syn-
collisional magmatism at backarc sites; (3) in the post-col-
lisional stage, the previously active continental margin was
reactivated to produce post-collisional magmatism (Zheng et
al., 2019b). Partial melting of the metasomatic mantle do-
mains beneath the continental arc give rise to mafic igneous
rocks, which exhibits arc-like trace element distribution
patterns (i.e., enrichment in LILE, LREE and Pb, depletion
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in HFSE) and depleted-weakly enriched Sr-Nd isotopic
compositions.

With respect to continent-continent collisional orogens,
the mantle wedge beneath active continental margins would
be metasomatized by materials derived not only from pre-
viously subducted oceanic crust, but also from subducted
continental crust, so that the orogenic lithospheric mantle is
also relatively enriched in fluid-mobile elements and me-
tallogenic elements. However, because the lithosphere of
such active continental margins was too thick, neither con-
tinental arc magmatism nor significant syn-collisional mag-
matism occurred. This is illustrated by the southern margin
of the North China Craton north of the Dabie-Sulu orogenic
belt (Zheng, 2008; Zheng et al., 2019a). The magma sources
for syn-exhumation and post-collisional magmatism are
mainly characterized by geochemical modification of the
overlying subcontinental lithospheric mantle by subdcuted
ancient continental crust-derived materials. For example, the
Early Cretaceous mafic igneous rocks and related mantle-
derived xenoliths in the southeastern North China Craton
have well revealed the process and mechanism of the litho-
spheric mantle modification by the subducted continental
crust materials (Gao et al., 2008; Zhang et al., 2002; Xu et al.,
2013a). These mafic igneous rocks formed by partial melting
of such modified mantle display arc-like trace element dis-
tribution patterns and relatively enriched Sr-Nd isotopic
compositions (Yang D B et al., 2012; Zhao et al., 2013). The
subduction of continental crust is usually considered to be
pulled by gravity of the preceedingly subducting oceanic
crust, so the subducting paleo-oceanic crust should have also
influenced the overlying lithospheric mantle above the
continental subduction zone. For example, the Early-Middle
Triassic mafic dykes in the Liaodong Peninsula and Early
Cretaceous diabases in the Tongbai-Hong’an area record the
geochemical modification of the orogenic lithospheric
mantle by presubducted Paleo-Tethyan oceanic crust mate-
rials (Dai et al., 2015b, 2017b; Fang et al., 2020). These
mafic igneous rocks formed by partial melting of such
modified mantle exhibit OIB-like trace element distribution
patterns and relatively depleted Sr-Nd isotopic compositions.
Since the lithospheric mantle of continent-continent colli-
sional orogen undergone the later superimposed modifica-
tion of the subducting continental crust, the post-collisional
mafic igneous rocks record relatively little information about
the subducting paleo-oceanic crust.

In summary, the composition of orogenic mantle is com-
plex, and it has been varied along with the development from
oceanic subduction to continent collision. How to reveal the
composition and evolution of orogenic mantle? Geochem-
istry of mantle-derived post-collisional igneous rocks is still
the unique record to explore mantle dynamics in collisional
orogens, because they record the mantle composition varia-
tions through time, corresponding to syn-collisional and
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post-collisional geodynamics. Prelevi¢ et al. (2012) used the
composition of ultrapotassic-mafic igneous rocks to explore
the evolution of orogenic lithospheric mantle. The Os-Sr-Mg
isotopic compositions of post-collisional ultrapotassic rocks
in the southern Tibet plateau have been used to reveal car-
bonate metasomatism in the lithospheric mantle (Liu et al.,
2015). Ammannati et al. (2016) used the olivine trace ele-
ment abundances in silica-unsaturated ultrapotassic rocks to
reveal the occurrence of carbonate metasomatism in the li-
thospheric mantle. Dai et al. (2017a) used the composition of
alkaline basalts in orogens to distinguish differential con-
tributions from carbonate and silicate melts to their mantle
sources, likely existing as carbonated peridotite and amphi-
bolite, respectively. Qi et al. (2018) conducted a comparative
study of mantle-derived igneous rocks before and after col-
lision in the southern Lhasa terrane. They found that the
former is characterized by depleted-weakly enriched Sr-Nd
isotopic compositions, indicating its derivation from partial
melting of the mantle metasomatized by the subducting Neo-
Tethyan oceanic crust-derived materials; the latter has sig-
nificantly enriched Sr-Nd isotopic compositions, indicating
its origination from the mantle metasomatized by the sub-
ducting Indian continental crust-derived materials. Despite
the fact that the orogenic mantle was geochemically mod-
ified by subducting crustal materials has been documented
by the studies of post-collisional igneous rocks, the types and
quantity of crustal materials contributing to the modification
of lithospheric mantle and its process and mechanism are still
poorly understood. These issues have become the main
subjects to study post-collisional mafic magmatism in the
future and are of great significance to develop the plate
tectonics theory.

6. Post-collisional mafic magmatism and mi-
neralization

The collisional tectonism caused the thickening and stacking
of orogenic lithosphere at convergent plate boundaries.
Subsequently, the extension and collapse of orogenic belts
would occur due to its instability in gravity and convective
thinning at the thermal boundary layer. This is the geody-
namic background to result in post-collisional magmatism.
At this stage, both granitic magmatism formed by reworking
of crustal rocks and mafic-ultramafic magmatism formed by
partial melting of the mantle (lithospheric or asthenospheric)
can occur (Liegeois, 1998; Bonin, 2004; Zhao and Zheng,
2009; Zheng et al., 2020). The former is mainly related to the
formation of porphyry deposits, and the latter is mostly as-
sociated with orogenic Cu-Ni sulfide and/or platinum group
element deposits (Wu et al., 2004; Xu et al., 2013b; Fior-
entini et al., 2018). In addition, there may also exist the
genetic connection between the early subduction and meta-

2037

December (2020) Vol.63 No.12

somatism of oceanic crust and the late post-collisional hy-
drothermal mineralization (Hou et al., 2015; Zheng et al.,
2019b). The early subduction and metasomatism of oceanic
crust can preliminarily enrich ore-forming elements in the
mantle wedge, and the late post-collisional rifting orogeny
can reactivate the pre-enriched metal regions and finally lead
to mineralization in collisional orogens (Zheng et al., 2019b).
Hou et al. (2015) also suggested that the porphyry copper
mineralization in the late post-collisional stage may be re-
lated to the early subduction of oceanic crust. Mafic arc
magmas are characterized by high oxygen fugacity in closed
systems, resulting in the progressive enrichment of Cu and
Au in evolved magmas and the finial formation of subduc-
tion-type porphyry copper deposits. In contrast, the interac-
tion between mafic arc magmas and their overlying
continental crust would happen in open systems, leading to
the decrease of magmatic oxygen fugacity and subsequent
accumulation of magma sulfide in the juvenile lower crust.
Partial melting of the juvenile lower crust enriched in metal
sulfide would release Cu to the magmatic system and gen-
erate the collision-type porphyry Cu deposits (Zhang and
Hou, 2018).

The Late Triassic Hongqiling Cu-Ni sulfide deposit in the
southern margin of the Xing-Meng orogen is a typical ex-
ample of mineralization in collisional orogens. The Cu-Ni
sulfide deposit is related to post-collisional Late Triassic
mafic-ultramafic magmatism formed in an extensional en-
vironment after the final closure of the Paleo-Asian Ocean.
The Cu-Ni sulfide mineralization resulted from mafic mag-
ma differentiation at deep depth and multiple stages of em-
placement at shallow depth (Wu et al., 2004; Xu et al.,
2013b). In addition, the occurrence of mantle-derived mafic
and alkaline magmatism and their underplating, accumula-
tion and differentiation at the crustal bottom are also the
main approaches to transfer the mantle metal and sulfur into
the continental crust (Fiorentini et al., 2018). Thus, these
mantle-derived igneous rocks at the crustal bottom provide
sound material bases for later crustal magmatism and the
formation of porphyry copper deposits. The generation of
some orogenic gold deposits is just related to post-collisional
granitic magmatism (Zhang et al., 2017).

Taken together, it can be concluded that post-collisional
magmatism is closely related to regional mineralization.
Although it has been documented that ore-forming metals
and sulfur can be transported from the mantle to the crust by
post-collisional magmatism in collisional orogens, little is
known about the way of magma emplacement, and me-
chanism, rate and dynamics for the migration of metals and
volatiles from the locally enriched lithospheric mantle to the
bottom of the continental crust (Griffin et al., 2009; Fior-
entini et al., 2018). Additionally, how to establish a clear
metallogenic theory through the study of post-collisional
magmatism, and then applied it to different types of colli-
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sional orogens and other tectonic environments? And what
are the key controlling factors for orogenic mineralization?
These questions have become one of the key issues in
studying the relationship between post-collisional magma-
tism and mineralization in the future, and it will be of great

significance for guiding regional ore prospecting.

7. Conclusions

Post-collisional mafic magmatism is an important stage in
the evolution of plate subduction and collisional orogeny.
Post-collisional mafic magmatism formed in the extension
and collapse stage of collisional orogens, and record the
evolution of the lithospheric mantle at convergent plate
boundaries from the pre-collisional through collisional to
post-collisional stages. Thus, it is not only the direct material
record to reveal the evolution of orogenic mantle, but also the
important carrier for the formation of various mineral re-
sources. However, the type and quantity of crustal materials
modifying the overlying mantle wedge, and its modification
process and mechanism, as well as the major control factors
and formation mechanism of post-collisional mafic magma-
related mineralization are the main issues and direction of
future studies in this field.
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