
Contents lists available at ScienceDirect

Journal of Asian Earth Sciences

journal homepage: www.elsevier.com/locate/jseaes

Refining the spatio-temporal distributions of Mesozoic granitoids and
volcanic rocks in SE China

Jia-Xuan Liua, Shuo Wanga, Xiao-Lei Wanga,⁎, De-Hong Dua, Guang-Fu Xingb, Jian-Ming Fuc,
Xin Chena, Zi-Ming Suna

a State Key Laboratory for Mineral Deposits Research, School of Earth Sciences and Engineering, Nanjing University, Nanjing 210023, China
b China Geological Survey, Nanjing Center, Nanjing 210016, China
c China Geological Survey, Wuhan Center, Wuhan 430205, China

A R T I C L E I N F O

Keywords:
Mesozoic
Spatio-temporal distribution
SE China
Granitoids
Volcanic rocks
Petrogenesis

A B S T R A C T

Combining published age data and geological maps, we provide most updated information about the spatio-
temporal distributions of Mesozoic granitoids and volcanic rocks in SE China. The outcrop areas of the Mesozoic
felsic magmatic rocks with an interval of 10 Myrs are estimated, allowing us to put forward by far the finest
evolution pattern of the spatio-temporal distributions of the Mesozoic magmatic rocks, which were not available
before. The Early Mesozoic (Indosinian) felsic magmatic rocks originally occurred sporadically in the South
China block, and then showed a NE-trending distribution followed by an outward (in particularly north-
eastward) migration. Subsequently, there was a relative magmatic quiescence from 210 Ma to 180 Ma which was
followed by a tectonic transition from Tethys regime to Paleo-Pacific regime at 180–170 Ma (probably very close
to 170 Ma). The Late Mesozoic (Yanshanian) magmatic activities also showed an outward expansion and mi-
gration. The 170–150 Ma magmatic activities migrated from present inland to the northeastern and coastal areas
of SE China, with outcrop area increasing gradually. While the 150–120 Ma felsic magmatic activities showed
dominantly a northeastward migration, with outcrop area decreasing gradually. Till the period 120–80 Ma, the
felsic magmatic activities migrated to the present southeast coastal areas with increasing intensity of volcanic
activity. Based on the detailed spatio-temporal evolution, we suggest that the formation of Mesozoic granitoids
and volcanic rocks in SE China was related to multiple stages of subduction and roll-back of oceanic slab on the
southeast margin of the South China Block.

1. Introduction

The South China Block is currently surrounded by the Qinling-Dabie
orogenic belt to the north, the Qinghai-Tibet plateau to the west, the
Pacific Plate to the east, and the Indochina Block to the south and west.
It is composed of two parts, i.e. the Yangtze Block and the Cathaysia
Block, which are separated by the Jiangnan orogen (Fig. 1). The com-
plicated tectonic positions and environments demonstrate that the
South China Block (in particular the Cathaysia Block) has undergone
extensive overprinting of some specific Phanerozoic tectonic events
(Shu, 2012; Zhang et al., 2013; Wang et al., 2013). In particular, fol-
lowing the Early Mesozoic (Indosinian) orogenesis which led to the
amalgamations of the North China Craton and Indochina Block suc-
cessively with the South China Block (Zhou et al., 2002; Zhang and
Dong, 2008; Zhao et al., 2012; Shu, 2012), voluminous granitoids and
volcanic rocks were generated throughout the Cathaysia Block and the

Jiangnan orogen which are collectively called as SE China (Sun, 2006;
Zhou et al., 2006). According to available age data, the felsic magmatic
activities, although faded in the end, can last until about 73 Ma (Jiang
and Li, 2014), and their petrogenesis and tectonic settings have been
controversial for over half a century.

Several tectonic models on the formation of the Mesozoic felsic
rocks have been proposed in the last decades, and the role of westward
subduction of the Paleo-Pacific Plate was emphasized to different ex-
tents. As a mainstream view, Zhou et al. (2006) (named as “Zhou’s
model” here) concluded a tectonic transition at early Jurassic (ca
205–180 Ma) from Tethys regime to the Paleo-Pacific regime, based on
a synthetic review on the distribution and features of the Mesozoic
magmatic rocks and sedimentary basins. This point of view also ad-
vocated the change of subduction angle to explain the spatio-temporal
distribution of Late Mesozoic granitoids and volcanic rocks in SE China
(e.g., Zhou and Li, 2000; Zhou et al., 2006; Yang et al., 2011; Ding
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et al., 2015; Liu et al., 2016; Xie et al., 2017). Another popular view is
the flat-slab subduction model (Li and Li, 2007) (we called as Li’s
model), which is substantially same as Zhou’s model for Late Mesozoic
but different for Early Mesozoic magmatic activities. Instead of inter-
preting the intracontinental orogenic process as the response of In-
dosinian movement in the Tethys orogenic belt (Zhou and Li, 2000;
Zhou et al., 2006; Shu, 2012; Zhang et al., 2013), Li’s model suggested a
long-term flat subduction of the Paleo-Pacific Plate (Li and Li, 2007; Li
et al., 2012, 2013; Meng et al., 2015; Zhu et al., 2016). In addition, Sun
et al. (2007) noted the changes of subduction orientation during Late
Mesozoic and the distribution patterns of associated ore deposits and
proposed a ridge subduction model (here we called as Sun’s model)
(Sun et al., 2012).

In addition to the three main models, other models have also been
proposed, although most of them have been seldom mentioned in re-
cent years. Among them, the mantle plume (e.g., Xie et al., 2001; Mao
et al., 1998, 1999; Lu and Zheng, 2000; Deng et al., 2004; Zhang et al.,
2009) or continental rift (Gilder et al., 1991; Gilder et al., 1996; Li
et al., 2000; Wang et al., 2008) model, which emphasizes that the
formation of widespread magmatic activities in SE China needs a re-
gional thermal event induced by mantle plume or rifting activities.
However, these models failed to prove the connection between the
formation of the mafic rocks and lacks solid geological evidence.
Moreover, there are some new explanations developed from the
aforementioned three main models to some extents. Wang et al. (2013)
emphasized that the intracontinental orogeny in SE China is a far field
response to the westward subduction of the Paleo-Pacific Plate. Mao
et al. (2013) contribute the formation of Jurassic magmatic rocks to the
shallow oblique subduction of the Izanagi Plate. Jiang et al. (2015)
proposed a multiple slab-advance-retreat of the westward subduction of
Paleo-Pacific Plate. Gao et al. (2017) stressed the contributions of tec-
tonic extension for and reworking of the Neoproterozoic metaigneous
and metasedimentary rocks for the formation of the Indosinian

granitoids. In addition, Li et al. (2018) emphasized that the arc and
retroarc system in northwestern South China Block were associated
with the subduction of the Paleo-Pacific Plate.

Such controversies mainly arose from the spatio-temporal distribu-
tion of the Mesozoic granitoids and volcanic rocks, as well as their
tectonic settings. For example, Li’s model suggested a northwestward
younging trend for the Early Mesozoic granitoids (Li and Li, 2007),
which needs to be examined by new dating results of the past dozen
years, although Sun (2006) has made a preliminary compilation.
Meanwhile, the other models also need to maintain a balance with the
pouring new dating results and to establish a strong relation between
tectonic models and the new distribution features by updated data. In
particular, the timing of tectonic change from the Tethyan to Pacific
tectonic regimes needs to be clarified, and the tectonic driving forces
controlling the change of distribution patterns of the Mesozoic felsic
rocks deserves to be evaluated carefully.

In this study, we developed a new database for the Mesozoic
granitoids and volcanic rocks in SE China based on the published
geochronological data and geological maps, and accomplished a new
spatio-temporal distribution. This refined distribution for the Mesozoic
granitoids and volcanic rocks will be helpful in understanding the
tectonic evolution and will shed light on exploration of related ore
deposits in the area.

2. Distribution of the Mesozoic granitoids and volcanic rocks

Our database includes the data from 359 academic papers and
dissertations of doctor’s degree published in Chinese and English before
2018. All of the data were examined by the following routines:

(1) Most of the age data were obtained by zircon U–Pb dating method,
and Rb–Sr whole-rock isochron age data are considered for few
intrusions/volcanic suites when they do not have U–Pb isotopic

Fig. 1. Geologic distribution map of the Mesozoic granitoids and volcanic rocks in SE China. (A) Tectonic framework of the South China Block. QL-DB belt – Qinling-
Dabie belt; NCC – North China Craton. (B) Distribution of the Mesozoic granitoids and volcanic rocks in SE China. These granitoids and volcanic rocks are mapped at
the step of ten million years, and are marked with different colors. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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data;
(2) Zircon U–Pb dating can be done by secondary ion mass spectro-

scopy (SIMS) (including SHRIMP and CAMECA instruments), laser
ablation inductively coupled plasma mass spectrometry
(LA–ICP–MS), and thermal ionization mass spectrometer (TIMS).
Considering the analytical precisions and common Pb detection
limits, TIMS results commonly with high precision are most pre-
ferable when zircon structure is simple and the ages are consistent
with other zircon U–Pb dating results within uncertainties, SIMS is
the second, and LA–ICP–MS is the last;

(3) When inconsistency of dating results between different dating
methods happens for individual intrusions/volcanic suites, we
check the zircon textures and CL images first, and then select the
data with higher reliability.

(4) When there is a repetition of the dating results for one intrusion/
volcanic suite by the same analytical method, we commonly adopt
the statistical average age for data processing and mapping. As the
volcanic rocks are often expressed as strata, we separate one big
suite of strata in details when there is difference of age data for
different parts/sequences. If the same volcanic suite covers a large
area in different regions and are called as different names, we
consider the regions in the same age interval to be an entirety

(5) For composite batholiths with multiple intrusion phases that can be
distinguished by dating methods beyond analytical uncertainty, the
intrusions will be considered individually.

Once age is confirmed, it will be indexed with the corresponding
intrusion/phase in an integrated map, which is made from 122 geolo-
gical maps in the scale of 1:250,000 in southeastern China. Taking
advantage of the database, we mapped the distribution of the Mesozoic
granitoids and volcanic rocks in SE China at the step of ten million
years, and calculated the outcrop area of each stage, with the results
shown in Table 1. The interval of 10 Ma is adopted because it is an
appropriate and easily distinguishable age range beyond age un-
certainty (commonly of 1–2%; about 2–4 Myr for Mesozoic rocks).
Meanwhile, we made a short movie (supplementary 1) to show the
spatio-temporal variation as an attachment.

Although the exposed area of specific intrusion/volcanic suite is
mainly controlled by later exhumation, it is still meaningful to study the
volume of each stage at the same circumstance. Three age peaks of
granitoid magmatism in Mesozoic are evident (Table 1), concentrating
at 240–210 Ma, 170–130 Ma and 110–90 Ma, respectively. Thereinto,

Jurassic granitoids account for 21.9% of the total exposed granitoids in
SE China (Fig. 2). The Indosinian (mainly Triassic here) volcanic rocks
were rarely developed and barely visible (e.g., Zhou, et al., 2006; Shu
et al, 2008; Mao et al, 2011). Whether the scarcity is related to denu-
dation remains unclear but the well-preserved Triassic sedimentary
sequences do not contain significant amount of volcanic interlayer as
shown by stratigraphic investigations (Fig. 5). In Early Yanshanian
period, volcanic magmatic activity began to increase gradually and
reached a small peak in the period 150–140 Ma (Fig. 2). Subsequently,
the intensity of volcanic magmatic activity decreased until the late
Yanshanian when volcanic rocks erupted in a large scale and reached its
peak at the period 110–90 Ma (Fig. 2). The distribution and char-
acteristics of each episode of magmatism are described in details below.

2.1. Indosinian (250–200 Ma) granitoids and volcanic rocks

The Indosinian granitoid-volcanic rocks are dispersed with a planar
distribution and mainly occur in the present inland areas of SE China.
Granitoids of this period mainly consist of monzonite, syenogranite,
granodiorite, with an outcrop area of more than 32,835 km2. It is noted
that the Indosinian volcanic rocks are mainly rhyolite and less exposed.
Whether the absence of volcanic rocks in this period is related to later
denudation remains to be confirmed.

As shown in Fig. 3, the 250–240 Ma granitoids are mainly dis-
tributed in Hainan Island and central Hunan Province, and the con-
temporaneous volcanic rocks are mainly distributed in the western
Jiangxi and northern Zhejiang. The total outcrop area for felsic mag-
matic rocks of this period is about 2415 km2, of which 98.8% are
granitoids. The granitoids mostly consist of monzogranite and syeno-
granite, and the volcanic rocks are mainly composed of rhyolites.

From 240 Ma to 230 Ma, the volcanic magmatic activities migrated
to southwestern Guangxi, and the granitoids emplaced in southern
Guangxi, eastern Hunan, southern and central Jiangxi, the junction
areas of northwest Fujian and Jiangxi, and central Zhejiang, forming an
NNE-trending belt with a total outcrop area of about 11,188 km2, of
which 92.7% are granitoids. The main rock types of granitoids and
volcanic rocks are similar to those of 250–240 Ma.

In the period from 230 Ma to 220 Ma, there are no countable out-
crops of coeval volcanic rocks exposed on the surface, while the dis-
tribution of granitoids shows an outward migration at the later stage
(Fig. 3c), located in Hainan, southern Hunan and southern Jiangxi
provinces, with an outcrop area of about 13,704 km2, making up about
42.6% of all the Indosinian granitoids in SE China. The main rock types
of this period are granodiorite, monzogranite and syenogranite.

From 220 Ma to 210 Ma, the occurrence of granitic magmatic rocks
migrated in the northwestern and southeastern directions (Fig. 3d),
keeping the tendency of outward expansion as a whole. These rocks
occurred in central Hunan, Jiangxi and Guangdong provinces, com-
posed mostly of monzogranite. Coeval volcanic rocks of this period are
very rare (Fig. 2 and Fig. 3d).

In contrast, felsic magmatic rocks tend to be disappearing during the
period 210–200 Ma, indicating the start of a magmatic quiescence
(Fig. 2, and Fig. 3e). Only a few granitoid rocks are distributed in the
junction area of central Guangdong and Guangxi provinces, with an
area of about 979 km2. Contemporaneous volcanic rocks are still absent
(Fig. 2 and Fig. 3e).

2.2. Early Yanshanian (200–140 Ma) granitoids and volcanic rocks

Most of the Early Yanshanian granitoids and volcanic rocks are
distributed in the present inland of SE China and are spreading out in a
NE-SW trending, except the E-W trending in the Nanling area
(Fig. 3e–k). During this period, both the occurrences of felsic intrusive
and eruptive rocks are significant. Granitoids of this period are mainly
composed of monzonite, syenogranite and granodiorite, with a total
outcrop area of 71,721 km2. The contemporaneous volcanic rocks

Table 1
A compilation of the outcrop area of the Mesozoic granitoid-volcanic rocks in
SE China.

Period Age (Ma) Outcropping area (km2)

Granitoids Volcanic rocks Total

Triassic 250–240 2387 28 2415
240–230 10,371 817 11,188
230–220 13,704 0 13,704
220–210 4755 0 4755
210–200 979 0 979

Jurassic 200–190 407 296 703
190–180 1470 8 1478
180–170 2797 6553 9350
170–160 17,027 3891 20,919
160–150 32,180 9780 41,960
150–140 17,840 11,792 29,632

Cretaceous 140–130 17,096 8357 25,453
130–120 3173 6224 9397
120–110 3134 5556 8690
110–100 6137 25,816 31,953
100–90 12,621 19,721 32,342
90–80 636 9026 9661
80–70 11 0 11

Total 146,727 107,865 254,592
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Fig. 2. Histogram showing the outcrop area for each stage of the Mesozoic granitoids and volcanic rocks in SE China. The number on the top of each column indicates
its calculated outcrop area.

Fig. 3. Distribution of the Mesozoic granitoid-volcanic rocks along with time.
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consist of rhyolite and tuff, with an outcrop area of 32,321 km2.
The 200–190 Ma felsic magmatism is very rare and the volcanic

rocks are only occurring in southern Jiangxi (Cen et al., 2016; Xiang
and Wu, 2012; Ji and Wu, 2010), with rock types dominated by rhyo-
lites and basalts and a total outcrop area of 296 km2. The basaltic rocks
resemble geochemically typical within-plate basaltic rocks (e.g., Yu
et al., 2010; Zhu et al., 2010; Bai et al., 2015). The granitoids of this
period were also less exposed in northeastern Guangdong, southern
Jiangxi and Taiwan, with an outcrop area of 407 km2 (Figs. 2 and 3f)
and rock types mainly of monzogranite, biotite granodiorite and
hornblende granite. Consistent with the basaltic rocks, the granitoids
show geochemical features similar to A2-type granite (e.g., Yu et al.,
2010; Zhu et al., 2010; Gan et al., 2017). Contemporaneous granitoids
were also found in South China Sea as revealed by drilling projects
(Fig. 3f; Xu et al., 2017), forming an NNE–trending belt.

Similarly, very rare contemporaneous volcanic rocks were observed
associated with the 190–180 Ma granitoids (Figs. 2 and 3g) in southern
Jiangxi, with an outcrop area of only about 8 km2. The occurrence of
granitoids migrated to NW and SE from the last period to this stage and
they are mainly exposed in west Guangdong, east Guangdong and

southern Jiangxi (Fig. 3g), with an area of about 1470 km2.
The intensity of volcanic rocks began to be evident in the period

180–170 Ma (Figs. 2 and 3h) and they overall constitute a NE-trending
orientation. There is also an eastward migration towards the present
coast areas (Fig. 3h). The 180–170 Ma granitoids mainly concentrated
in the southern Jiangxi, southern Fujian and eastern Jiangxi provinces,
and the volcanic rocks are mainly distributed in north Fujian and the
junction area of Jiangxi, Fujian and Guangdong provinces, with a total
exposing area of about 9350 km2. The granitoids mostly consist of
syenogranite and monzogranite, and the volcanic rocks are mainly
composed of rhyolites, basalt and tuff. If we combine the distributions
of the two episodes of felsic magmatic rocks of 190–180 Ma and
180–170 Ma, it looks like there are two main E-W-trending magmatic
belts, with one mainly in northern Guangdong, southern Jiangxi and
southern Fujian and the other in northern Fujian, southern Zhejiang
and eastern Jiangxi (Fig. 3g, h). The first belt can be even traced back to
have started from the period 200–190 Ma (Fig. 3f).

Subsequently, the 170–160 Ma granitoids and volcanic rocks oc-
curred in a larger area and were distributed in a relatively scattered
manner (Fig. 3i). Overall, the rocks migrated to the NW and SE sides,

Fig. 3. (continued)
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with a broader distribution area. They are mainly exposed in Guang-
dong and Fujian provinces and eastern Jiangxi, covering an area of
about 20,919 km2. The main rock types of the granitoids are syeno-
granite, monzogranite and granodiorite, and the volcanic rocks are tuff,
dacite and porphyry lava.

The spatial distribution of granitoids and volcanic rocks continued
to expand and spread more widely in the period 160–150 Ma (Fig. 3j),
and the migration was obviously more extensive in the NW and SE
sides. The rocks of this period are overall distributed in a NE direction,
and they began to appear extensively in the southeast coastal areas,
covering most areas of Guangdong, Fujian and Jiangxi provinces
(Fig. 3j). There were also a small amount of outcrops in southern Anhui,
southern Zhejiang, southeastern Guangxi, southern Hunan, and the
junction area of Hunan, Jiangxi and Hubei provinces (Fig. 3j). During
this period, granitoids are mainly monzogranite and biotite granite,
while volcanic rocks are mainly tuff, rhyolite, porphyry lava, and a
small amount of volcanic breccia. Generally, the total outcrop area for
the 160–150 Ma felsic rocks are of about 41,960 km2.

The volume of 150–140 Ma felsic magmatic rocks declined to a total
outcrop area of 29,632 km2 (Figs. 2 and 3k). The magmatic activities

migrated more northeastward compared with the last 10 Myr (Fig. 3j,
k). The main rock types of the granitoids are monzogranite, biotite
granite, biotite monzogranite and granodiorite, and of the con-
temporaneous volcanic rocks are rhyolite, dacite, trachyte, porphyry
lava, and a small amount of tuff. The volcanic rocks of this period ob-
viously show a NE-trending along the present coastal area of SE China
(Fig. 3k).

2.3. Late Yanshanian (140–80 Ma) granitoids and volcanic rocks

Late Yanshanian granitoids and volcanic rocks were mainly dis-
tributed in the present southeast coastal areas and the Lower Yangtze
region (Fig. 3l–r). During the period, volcanic rocks formed in a wide
area and were mainly rhyolites, while monzonite, syenite and grano-
diorite were still the main rock types for the contemporaneous grani-
toids. The total outcrop area of granitoid-volcanic rocks of this period is
about 117,190 km2 (Fig. 2). Although we do not know whether the
outcrop areas are true, available stratigraphic analysis does not support
the existence a huge amount of volcanic rocks in the Early Yanshanian
in SE China (Fig. 5).

Fig. 3. (continued)
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It is obvious that the 140–130 Ma granitoid-volcanic rocks migrated
northeastward and outward relative to those of the 150–140 period
(Fig. 3l). In particular, they became significant in the Lower Yangtze
region (including eastern Hubei, southern Anhui, and southwestern
Jiangsu provinces). The total outcrop area of granitoids and volcanic
rocks of this period is 25,453 km2 (Fig. 2). The granitoids are mainly
monzogranite and granodiorite, and the volcanic rocks include rhyolite,
dacite, trachyte, and perlite.

The felsic magmatic activities seem to be weakened from 130 Ma
(Fig. 2). The 130–120 Ma volcanic rocks merely occur in Zhejiang
Province and a little in eastern Anhui Province, while the granitoids
scatter in Zhejiang and Anhui provinces, and a little in northern Hunan
and southern Guangdong (Fig. 3m). The distribution shows a further
migration to the northeast, with an outcrop area of 9397 km2. The
intensity of magmatic activity in the Lower Yangtze region significantly

declined and the magmatic rocks of this period migrated southeastward
to Zhejiang Province. The main rock types of granitoids are monzo-
granite and biotite granite, and the volcanic rocks include tuff, clastic,
dacite, rhyolite and basalt.

The subsequent 120–110 Ma felsic magmatic activities migrated to
the southeast, showing an overall NE direction (Fig. 3n). The granitoids
of this period predominantly occurred in the coastal areas of Zhejiang,
Fujian and Guangxi provinces, and the volcanic rocks mainly occur in
east Zhejiang, with a total area of 8690 km2. The granitoids mostly
consist of syenogranite and monzogranite, and the volcanic rocks are
mainly composed of dacite, rhyolite, tuff and ignimbrite.

The felsic rocks formed at 110–100 Ma are mostly eruptive rocks
(Fig. 2) and they still occurred mainly along the present coastal areas
but expanded to northwest and southeast in Zhejiang Province
(Fig. 3o). A small amount of volcanic rocks also occur in the coastal

Fig. 4. Distribution of the Indosinian granitoid-volcanic rocks. (a) 250–200 Ma granitoids in SE China, which are marked in colors. (b) Indosinian volcanic rocks in SE
China, 250–230 Ma volcanic rocks are visible, while there is no calculable coeval 230–200 Ma volcanic rock outcrops exposed on the surface. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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areas of Fujian, Guangdong and Hainan provinces, and a small amount
of granitoids occur in the junction area of Guangdong and Guangxi
provinces. The total outcrop area of the felsic magmatic rocks of this
period is 31,953 km2. The granitoids are mainly composed of monzo-
granite and syenogranite, and the volcanic rocks mostly consist of
rhyolitic tuff and quartz-orthophyre.

Subsequently, the 100–90 Ma felsic magmatic rocks show a con-
tinuous southeastward migration (Fig. 3p), with a total outcrop area of
32,342 km2. They mainly occur in Fujian Province but the magmatic
intensity declined significantly in Zhejiang Province. A few granitoids
occurred in Hainan, Guangdong and Guangxi provinces (Fig. 3p). The
granitoids are mostly syenogranite, monzogranite and alkali-feldspathic
granite, while the volcanic rocks are mostly rhyolite, andesite, and ig-
nimbrite.

The intensity of magmatic activities in the period 90–80 Ma de-
creased significantly (Fig. 3q). It is noted that they show a north-
eastward migration and mostly occur in the present coastal areas of
Zhejiang and Taiwan. The total exposed area of the magmatic rocks of
this period is about 9,661 km2. The granitoids of this period are mainly
A-type granitoids (Wang and Liu, 1993; Qiu et al., 2000; Wei et al.,
2001; Xie et al., 2005), including granodiorite and granoporphyry, and
the main types of volcanic rocks are rhyolite, basalt, ignimbrite and
trachyandensite.

There was no significant felsic magmatic activity after ca. 80 Ma in
SE China. By far there is only one ca. 73 Ma granite outcrop in north-
eastern Hainan Island which shows peraluminous geochemical features
(Jiang and Li, 2014). The rocks were suggested to be part of the An-
dean-type magmatic belt that includes the ca. 80–70 Ma granitoid rocks
in southwest Japan and South Korea (Jiang and Li, 2014), indicating
the influence Paleo-Pacific Plate subduction.

To sum up, the Mesozoic felsic magmatic rocks in SE China shows a
changing spatio-temporal distribution. The Indosinian granitoid-vol-
canic rocks (mostly in 250–210 Ma) are firstly dispersed with a planar
distribution and mainly occur in the present inland areas, and then
show northeastward and outward migrations. The Early Yanshanian
magmatic activities were relatively quiet during 210–180 Ma, and
subsequently erupted and migrated to the northeast and outside of SE
China. In Late Yanshanian, the granitoids and volcanic rocks migrated
southeastward from present inland to the coastal areas.

3. Discussion

3.1. Tectonic background of the Indosinian granitoid-volcanic rocks

The tectonic background of the Indosinian granitoid-volcanic rocks
in SE China is debatable on whether it is intracontinental orogenesis-
related or associated with the subduction of the Paleo-Pacific Plate
(Zhou et al., 2000, 2006; Li and Li, 2007; Shu, 2012; Mao et al., 2014;
Gao et al., 2017). Since magmatic activity is a significant response to
tectonic evolution, we can deduce the tectonic driving forces for the
Indosinian magmatism by investigating the spatio-temporal distribu-
tion of the Indosinian granitoids and volcanic rocks (Fig. 4).

In this study, the database results indicate that there is not a
northwestward younging trend (Fig. 4) as Li and Li (2007) proposed
before. Permian felsic magmatism was rarely observed in SE China,
except for a Permian arc-related magmatic suite on Hainan Island
(Huang and Depaolo, 1989; Xie et al., 2005; Li et al., 2006; Xie et al.,
2006; Zhou et al., 2011; He et al., 2020), and the Indosinian magmatic
rocks are visible until Triassic (Early Indosinian). They originally oc-
curred in both the interior (i.e. Hunan Province) and the outside
(Hainan island) of SE China, and almost no contemporaneous volcanic
rocks were exposed to the surface (Fig. 4). Subsequent felsic magmatic
rocks showed a NE-trending distribution and then migrated north-
eastward and outward, which does not fit the alleged flat subduction (Li
and Li, 2007; Zhu et al., 2013) of the Paleo-Pacific Plate. In addition,
the tectonic affinity of the Hainan Island is still a matter of debate (Zou

et al., 2017; He et al., 2020). He et al. (2020) divided the Early Me-
sozoic granitoids on Hainan Island into three episodes and suggested
the former two (256–252 Ma and 247–244 Ma) are consistent with the
granitoid magmatism along the Truong Son and Jin-
shajiang–Ailaoshan–Song Ma tectonic zone and are related to Paleo-
Tethyan tectonic regime while the later phase (242–225 Ma) was
generated in the following post-orogenic extensional setting. Whatever
the tectonic affinity of Hainan Island, the effect of subduction of Paleo-
Pacific Plate on the Early Mesozoic magmatism in SE China cannot be
fully excluded. The NE-trending magmatism at 240–230 Ma can extend
to northern Zhejiang Province, and the Neoproterozoic ophiolites in NE
Jiangxi Province may have also been affected by the tectonic event (Li
et al., 1994; Gao et al., 2009; Sun et al., 2020). In addition, Early In-
dosinian high-pressure metamorphism was also identified by Zhao et al.
(2017) at Badu region in southern Zhejiang. All of these lines of geo-
logical evidence support the existence of NE-trending orogenesis, al-
though it may be intracontinental surrounded by the assembly of multi-
blocks.

A careful evaluation on the tectonic setting of Indosinian magma-
tism in SE China needs to reconcile the fact that the Indosinian or-
ogenesis was restricted by the multi-block interactions around the
South China Block (Wang et al., 2013; Mao et al., 2014). In Early In-
dosinian, the South China Block collided with the Sibumasu Block at ca.
260 Ma to ca. 240 Ma (Carter et al., 2001; Zhou et al., 2006; Li et al.,
2006; Mao et al., 2014). And in the north, it collided with the North
China Block during ca. 240 to ca. 220 Ma (Zhao et al., 2005; Li et al.,
1994; Xu et al., 2015; Yang et al., 2003; Lu et al., 2003; Li et al., 2006;
Wu, 2009; Mao et al., 2014), forming the east–west orogenic belt and
foreland basin (Shu, 2012). After ca. 230 Ma, following the further
intracontinental extension and further collision and exhumation be-
tween the South China Block and North China Craton, more felsic
magmatic rocks were formed in the Cathaysia Block due to partial
melting of middle to lower crust facilitated by upwelling of deep
mantle-derived materials (Zhou and Li, 2000; Shu, 2012; Barbarin,
1996; Huppert and Sparks, 1988; Guo et al., 2001). Therefore, the
formation of Indosinian granitoid-volcanic rocks is closely related to the
amalgamations and subsequent extensions of the surrounding blocks.
This stretching and extensional background is also supported by the
tight folds, nappe structure and a series of strike-slip ductile shear zone
in the South China Block (Shu, 2012). The Indosinian granitoids were
even divided into two periods (syn-collisional vs. late-collisional) (Mao
et al., 2014). The NE-trending 240–230 Ma magmatism resulted from
the multi-block orogenesis and the post-orogenic magmatism may have
happened after ca. 230 Ma. More than 90% of Indosinian granitoids are
strongly peraluminous, indicating the widespread reworking of Neo-
proterozoic supracrustal sediments (Gao et al., 2017). However, Hainan
Island is a distinct area where Indosinian granitoids are mostly I-type
and A-type (Li et al., 2006; Mao et al., 2014; Xie et al., 2005, 2006).
Overall, the Indosinian tectonic event had a profound influence on the
spatio-temporal distribution of the Mesozoic magmatic rocks in the
whole SE China.

3.2. Tectonic transition from Tethyan to Pacific regimes

There is a consensus that the South China Block has experienced a
tectonic change from the Tethyan regime to the Pacific regime in the
Mesozoic (Zhou et al., 2006; Zhang et al., 2009; Shi and Li, 2012; Zhang
et al., 2012), but the precise timing for the tectonic transition is still
controversial. The area-age histogram (Fig. 2) constrained by our up-
dated spatio-temporal distribution confirms a magmatic quiescence
from 210 Ma to 180 Ma, which is roughly the same as the previous
statistics (205–180 Ma; Zhou et al., 2006). However, our magmatic
quiescence is more reliable because it is based on the statistical outcrop
area of the felsic magmatic rocks. It is noted that the outcrop area of
granitoids and volcanic rocks occurred at the magmatic quiescence
from 210 Ma to 180 Ma is only 3160 km2, accounting for 1.24% of the
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total Mesozoic felsic rocks. Even few volcanic rocks have also been
found in this period (Cen et al., 2016), their occurrence could not ne-
gate the magmatic quiescence. Available stratigraphic analysis also
indicates that there were rarely volcanic rocks in SE China (Fig. 5).
Therefore, this quiescence is indeed existed and was not blurred by later
exhumation. This may suggest that there was no much water added into
continental crust to facilitate melting during this stage, which is sup-
ported by the sporadically occurred A-type granites and associated V-Ti
magnetite-related mafic rocks in the Xialan area (Yu et al., 2009; Gan
et al., 2017; Zhu et al., 2010; Bai et al., 2015), northern Guangdong
Province. Similar rock association and magmatic quiescence occurred
at middle Neoproterozoic in northern Guangxi, where there was a

magmatic quiescence between 805 and 780 Ma during the tectonic
transition from post-collisional to post-orogenic settings, and the later-
stage mafic rocks were formed in an extensional (rifting) setting (Chen
et al., 2018).

Therefore, we argue that the Early Jurassic magmatic quiescence
may correspond to a rapid extension and sedimentation. Subsequent
extension will facilitate the continuous upwelling of asthenosphere, and
it is expected to generate more voluminous granitic magmatism by
crustal melting due to heating and possibly water addition from another
subduction regime. It is noted that the subsequent granitic magmatic
activities generally migrated from southwest to northeast, which in-
dicates the migration of heat flow from deep mantle and possibly the

Fig. 5. Stratigraphic column map of the volcanic rocks in SE China. (a) NE trend column map along A-B transect. (b) NW trend column map along C-D transect. The
same color shown in the figure indicates they are comparable in age. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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volatile input from subducted slabs as expected. In particular, the
combination of extension of lithospheric mantle and retreat of tectonic
driving force (southwestward subduction of Paleo-Pacific Plate?) would
generate expanding outward magmatism.

It is noted that there is a vertical distribution between the
190–180 Ma and 180–170 Ma magmatic rocks in SE China. This can be
resulted from the tectonic relaxation of the nearly N–S transformations
of the South China Block with the Sibumasu Block and the North China
Block, which may have generated the nearly vertical NE and NW faults
that are favorable places for locating young granitic magmatism. The
NE-trending faults may have also been facilitated by the subduction of
Paleo-Pacific Plate to the southeast of the South China Block. Therefore,
we propose that the tectonic regime transition took place at
180–170 Ma and may be very close to 170 Ma since the post-170 Ma
magmatic rocks clearly show different distribution patterns (Fig. 3).
The subduction of the Paleo-Pacific Plate may have expanded to the
northeast China and affected the whole eastern margin of East Asia (Niu
et al., 2005).

3.3. Outward expanding of Late Mesozoic magmatism: driving forces and
mechanisms

There has been a general consensus that the distribution of the Late
Mesozoic magmatic rocks in SE China is associated with the subduction
of Paleo-Pacific Plate (e.g., Zhou and Li, 2000; Niu et al., 2005; Li and
Li, 2007; Sun et al., 2007; Wang et al., 2011; Liu et al., 2016; Wang
et al., 2016; Gao et al., 2017), although the subduction mechanism is
still a matter of debate. In this study, the Late Mesozoic (Yanshanian)
granitoids and volcanic rocks in SE China show a continuous outward
expanding trend as a whole. In general, the granitoids are pre-
dominantly distributed in the inland and southern coastal area of SE
China (present coordinate) (Fig. 6a), while the volcanic rocks are
dominantly distributed in the present coastal area (Zhejiang, Fujian and
Guangdong provinces) (Fig. 6b). The heterogeneous occurrence of the
two types of felsic magmatism might have been affected by later het-
erogeneous exhumation processes, i.e., the present coastal area has less
exhumation than the inland area. However, even in the inland area
with volcanic rock occurrences, the relative proportion of volcanic
rocks is not significant (Fig. 5) (Zhou et al., 2006; Mao et al., 2014).
This indicates that volcanic-intrusive suites are mainly restricted in the
coastal area (present coordinate) and were not significant in pre-
130 Ma in SE China. The formation of significant volcanic rocks re-
quires abundant conduits that may facilitate the ascent of magma but
prevent storage at certain crustal levels. Such conduits can be easily
provided by previously-developed extension/rifts. As aforementioned,
there was a general outward expanding for the distribution of Late
Mesozoic magmatic activities, which requires the continuous extension
of lithospheric mantle that can facilitate mantle convection and up-
welling of asthenosphere to promote the melting of overlying con-
tinental crust in the deep crustal hot zones (Wang et al., 2017). A series
of rifting basins in the South China Block have been indicated by Shu
et al. (2004) and Zhou et al. (2006), and these basins are preferable
areas for the occurrence of volcanic rocks, supporting the existence of
regional extension.

The 170–150 Ma magmatic activities expanded northeastward and
outward from southern Jiangxi to the whole Jiangxi, Fujian and
Guangdong provinces (Fig. 3i–j), and the total outcrop area gradually
increased (Fig. 2). The 150–120 Ma magmatic activities predominantly
migrated northeastward, and the outcrop area decreased correspond-
ingly (Figs. 2 and 3k–m), which is also not in accord with the flat
subduction of the Paleo-Pacific Plate as suggested by Li and Li (2007).
From ca. 120 Ma to ca. 80 Ma, the felsic magmatic activities migrated to
the southeast coastal area (present coordinate) (Fig. 3n–q), showing an
overall NE direction.

In the Yanshanian (Late Mesozoic) era, the inland of South China
Block was under a stretching and extensional background (Zhou et al.,

2006). All of these lines of evidence proved that the Late Mesozoic
magmatism in southeast China was restricted by the subduction of
Paleo-Pacific Plate, and the subduction angle increased with time
during the rollback of subduction oceanic slab (Gilder et al., 1996; Zhou
and Li, 2000, Zhou et al., 2006; He and Xu, 2012; Li et al., 2015, Wang
et al., 2019), generating the outward expanding of the magmatic ac-
tivities. Similar to the situation in the Rocky Mountains between ca. 40
and 15 Ma (Lipman et al., 1971; Coney and Reynolds, 1977; Lipman,
1992; Zhou and Li, 2000; Li and Li, 2007), the subducted oceanic slab
was repeatedly retreated in the Late Yanshanian, which coincided with
the continuous southeastward migration of magmatic activities. The
felsic magmatic rocks were predominantly formed by means of partial
melting of continental crust (Zhao et al., 2015; Yang et al., 2016; Gao
et al., 2017) due to the underplating of hydrous mafic magmas. When
the extension is significant in local regions, upwelling of deep asthe-
nospheric mantle will generate dry basaltic magmas that may be as-
sociated with A-type granites (Wang and Liu, 1993; Qiu et al., 2000;
Wei et al., 2001; Xie et al., 2005). This can explain why different rock
types of granitoids/volcanic rocks formed in the whole South China
Block during Late Mesozoic.

4. Conclusions

(1) The new database based on available data presents the finest spatio-
temporal distribution of the Mesozoic granitoids and volcanic rocks
so far. The Early Mesozoic (Indosinian) felsic magmatic rocks
showed a NE-trending distribution and mainly occurred in the
present inland areas at early stage, and then expanded north-
eastward and outward. After a period of magmatic quiescence, the
Early Yanshanian magmatic activities migrated northeastward and
outward from the interior of South China Block. And the Late
Yanshanian magmatic rocks expanded outward and migrated
southeastward to the present coastal area, with a broader spatial
distribution.

(2) The distribution of the Indosinian magmatic rocks was associated
with the retreat of tectonic driving force and the expanding ex-
tension surrounding the South China Block. After ca. 230 Ma, fol-
lowing further intracontinental extension and collision between the
South China Block and North China Craton, more felsic magmatic
rocks were formed due to the partial melting of lower to middle
crust facilitated by upwelling of deep mantle materials.

(3) A magmatic quiescence from ca. 210 Ma to ca. 180 Ma is confirmed
by our statistics of area distribution, and it was followed by a tec-
tonic transition from Tethys to Paleo-Pacific regimes at 180–170 Ma
(probably very close to ca. 170 Ma). The tectonic adjustment may
have affected the whole eastern margin of East Asia.

(4) The outward migration of Late Mesozoic magmatism was associated
with the continuous subduction and retreat of the Paleo-Pacific
Plate. The Cathaysia Block was overall under a stretching and ex-
tensional background during these processes, and the formation of
Late Mesozoic granitoids and volcanic rocks resulted from the un-
derplating of different types of basaltic magmas at different stages
in different regions.
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