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Abstract: In order to determine the tectonic regime
change of the early Mesozoic in the South China Block,
this study analyzed sedimentary rocks in the Middle
Jurassic of southwestern Fujian by modal analysis of
sandstones, elemental geochemical analysis of mud-
stones, and detrital zircons U-Pb dating. The results
show that the detrital zircons in Southwestern Fujian
mainly consist of Paleoproterozoic to early Mesozoic
zircons in the Middle Jurassic. Within the Dongkeng
profile of the Zhangping Formation, DK5 sample (lower
part) showed a major age peak at ca. 1,848 Ma and two
secondary age peaks at ca. 235 and 180 Ma, while DK15
sample (middle part) showed a major age peak at ca.
1,876 Ma and two secondary age peaks at ca. 233 and
190 Ma; the age compositions of these two samples’ were
similar. Modal analysis of sandstones indicated that
sediments of Zhangping Formation might source from
arc orogen and recycled orogen, and element geochem-
ical analysis showed that source rocks of Zhangping
Formation might be sedimentary rocks and granites. The
Indosinian zircons were mainly derived from the Wuyi
region, and the Yanshanian zircons were mainly derived
from the Nanling region. The major age group changes
from ca. 230 to 220 Ma of the Late Triassic — Early
Jurassic to ca. 190 to 180 Ma of the Middle Jurassic in
Southwestern Fujian, and main sources changed from
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1 Introduction

The South China Block, which is located at the
connection of Paleo-Asia, Tethys, and Circum-Pacific,
is divided into the Cathaysia and the Yangtze Blocks,
and its geological structure is very complicated due to
the special tectonic position [1,2]. During the early
Mesozoic, the eastern and western South China Blocks
were related to the evolution of the Paleo-Pacific and
Paleo-Tethyan tectonic domains, respectively, and these
regions were greatly influenced by Indosinian and
Yanshanian movements [3,4]. The Indosinian and
Yanshanian movements in the middle Mesozoic estab-
lished the mainland tectonic configuration of South
China Block and eastern China nowadays, but the
relationship between these two movements and the
Paleo-Tethys and Paleo-Pacific is still controversial.
Some scholars believe that the Indosinian movement in
South China Block is controlled by the closure of Paleo-
Tethys [5-8], and other scholars have suggested that the
two tectonic events are related to the subduction of
the Paleo-Pacific Block beneath East Asian Block [9-12].
The Paleo-Tethys and Paleo-Pacific tectonic regimes
are not only different in terms of paleontology and
paleoclimate, but also mainly in terms of the tectonic
nature, its geological effects, and the basin sediments
compositions.

Southwestern Fujian is located in the southeastern
South China Block. It is one of the land regions close to
the shelf-slope region of the northern South China Sea.
Southwestern Fujian region is connected with the
Philippine Block across the Taiwan Strait and has an
essential position in the tectonic pattern of South China
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Block. The northeastern shelf-slope region of the South
China Sea is the extension underwater of the South
China Block geologically. Thus, there are some conti-
nuities and comparable features in terms of the devel-
opment and distribution between the land and sea
during the Mesozoic. The evolution of marine basins
must have been affected by the tectonic background of
the South China Block [13]. Studies on the sedimentary
sources and basin properties of early Mesozoic basins in
southwestern Fujian will be of great significance for oil-
gas exploration of the Mesozoic basin in northern South
China Block.

At present, there have been many useful research
results in regard to southwestern Fujian’s sedimentary
environment, paleogeography [14-16], paleoclimate,
and tectonic background [17,18]. The Middle Jurassic
was an important period for the basin evolution, sea-
land change, and paleogeographic pattern evolution.
The sedimentary processes and sediments in the
sedimentary basin must have retained important infor-
mation about the tectonic process and geological events
about source areas. Detrital zircons in clastic rocks have
excellent stability and comprise extensive age informa-
tion, so detrital zircons U-Pb dating has become an
effective method for provenance research in recent years
[19-25]. Wang et al. [26] used detrital zircon age
information to explore the sediment compositions and
changes in the Wenbishan Formation during the Late
Triassic in southwestern Fujian. However, provenance
studies during the Middle Jurassic in southwestern
Fujian remain incomplete in which evidence is lacking
in regard to sedimentary detrital zircon U-Pb ages.
Besides, many scholars have proposed that major
elements, trace elements and rare earth elements
(REESs), in sediments can provide important information
for the provenance of sediments [27-33]; especially,
some trace and REEs in the mudstone are relatively
stable and not affected by weathering and sedimenta-
tion, which can reflect the geochemical properties of the
provenance well [27]. Therefore, this study presents
comparisons of detrital zircon data for sedimentary rocks
around the study area during late Paleozoic-early
Mesozoic, based on modal analysis, detrital zircon
isotopic ages, and element geochemical characteristics
of the sedimentary rocks from the Middle Jurassic in
southwestern Fujian. Our objective was to determine the
sediment sources in the Middle Jurassic of southwestern
Fujian and to explore the response to tectonic regime
change in sedimentary strata of the early Mesozoic in
South China Block.
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2 Geological setting

Fujian region can be divided into five tectonic units: the
Wuyi ancient arc-basin, the Nanping-Ninghua (prema-
ture) rift valley, the southwestern Fujian epicontinental
sea basin, the eastern Fujian coastal magmatic arc,
and Songxi-Youxi ophiolitic melange zone [34]. South-
western Fujian is located in the Cathaysia Block,
and the study area belongs to the southwestern
Fujian epicontinental sea basin. The lithostratigraphic
units in the Late Triassic-Neogene of Fujian can be
divided into the West Fujian stratigraphic sub-area and
East Fujian stratigraphic sub-area, and southwestern
Fujian is located in the West Fujian stratigraphic
sub-area.

The lithology as well as facies of the Jurassic strata
in southwestern Fujian is complex and the thickness is
large. In southwestern Fujian, the marine sediments,
transition facies sediments, and continental sediments
developed during the Late Triassic — Middle Jurassic. The
Late Triassic sediments have typical characteristics of
molasse-like deposits and of continental lacustrine
deposits [26]. In the Late Triassic, a small-scale
transgression occurred in southwestern Fujian (the
regions of Nanjing County — Zhangping City) and a gulf
lagoon facies was present [35]. The transgression of
South China Block intruded from the southeast and
extended to the southwest, northwest, and northeast in
the early stage of the Early Jurassic. The transgression
covers eastern Guangdong, middle-southern Guang-
dong, northern Guangdong, and parts of Fujian [36].
Southwestern Fujian was affected by the transgression
and developed shallow-coastal marine deposits in the
Early Jurassic. The area of marine sediments in south-
western Fujian was significantly smaller than that in the
early stage of the Early Jurassic, and volcanic rocks
developed extensively. The regression in Guangdong
and Fujian regions began in the late stage of the Early
Jurassic [18]. In the Middle Jurassic, there were only
some basins among the mountains in southwestern
Fujian, and the fan delta facies, the delta facies, and
lacustrine sediments were developed among these
basins. The seawater was completely withdrawn from
Guangdong and Fujian in the Middle Jurassic [16,18].
The southeastern South China Block (southwestern
Fujian — eastern Guangdong — northern Guangdong -
middle Guangdong) experienced a large-scale trans-
gression—regression cycle, and the largest transgression
occurred in the Early Jurassic. The “eastern Guangdong
basin” formed in the transgression not only developed
sea facies and sea-land interbedded facies with a
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thickness of 5,000m, but it was also connected with
the northeastern part of the South China Sea [16]. A
regression also occurred in the southeastern South China
Block during the late stage of the Early Jurassic. In
the Middle Jurassic, eastern Guangdong was dominated
by continental lake deposits and locally developed
volcanic rocks. Furthermore, the climate in southwestern
Fujian was hot and dry in the Middle Jurassic and
there were numerous purple and red deposits in some
lacustrine basins and marshes. The other regions of
southern Fujian were the denuded zone. The change in
the sedimentary environment of the Late Triassic-Middle
Jurassic was the result of changes in the basin type and
tectonic regime [17,18].
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3 Sample description

Zhangping Formation samples of the Middle Jurassic
were collected from the Dongkeng profile located in
northeastern Zhangping city (N: 25°18’11.2”, E: 117°25’
30.8”) (Figure 1c). The Zhangping Formation is in
conformable contact with the underlying Lishan Forma-
tion and in unconformable contact with the overlying
Yuanpan Formation. The cumulative thickness of the
Zhangping Formation in the Dongkeng profile is
approximately 2,900 m.

The lithology of the lower Zhangping Formation
(0-750m) is mainly mudstone, silty mudstone
blended with earthy vyellow fine sandstone, and
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Figure 1: (a and b) Division schematic diagram of South China Block and its adjacent tectonic units (modify by Wang et al., 2013), (c) basin
geological sketch in Mesozoic—Cenozoic in South China Block, (d) compiled column of Zhangping formation in Middle Jurrasic of South-
West Fujian Province. YC: Yangtze Craton; QDOB: Qinling-Dabie Orogenic Belt; NCB: North China Block; IC: Indosinian Craton; Sl: Sibumasu
Plate; SG: Songpan-Ganzi Terrane; WB: Western Myanmar; Hl: Himalaya; LS: Lhasa Block; QT: Qiangtang Terrane; (1) Jiangnan Mesozoic
North Border Concealed Fault; (2) Shaoxing-Jiangshan-Pingxiang Fault Zone; (3) Ganjiang Fault Zone; (4) Zhenghe-Dabu Fault Zone; (5)
Changle-Nan’ao Fault Zone; (6) Taiwan Longitudinal Valley Belt; (7) Tan-Lu Fault Zone.
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medium-fine sandstone. The middle lithology is
dominated by aubergine and gray-white silty sand-
stone blended with yellow fine sandstone. The current
bedding and horizontal bedding can be observed in
the mudstones layers (Figure 2a and b), and at the
same time, plant fossils and ichthyolites can be
observed in the silty mudstone layers (Figure 2c),
lenticular bedding can be observed in the local fine
sandstone layers (Figure 2d), and the erosional surface
can be seen in the lower part of the fine sandstone
layers (Figure 2e). The grain size of sediments in the
lower Zhangping Formation is generally fine, and the
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lower Zhangping Formation complies with shallow
lacustrine facies.

The middle Zhangping Formation, which ranges
from 750 to 1,550 m, is mainly composed of aubergine,
light gray and yellow siltstone with yellow medium
sandstone, fine sandstone, and black gray mudstone.
Siltstones and fine sandstones form reverse grain
sequence deposition patterns, while wedge-shaped
cross-bedding and trough cross-bedding can be ob-
served in the fine sandstone layers (Figure 2f and g), and
horizontal bedding can be observed in the mudstone
layers (Figure 2h).

Figure 2: Field photographs and microscopic photographs. (a) The current bedding in the mudstones layers; (b) the horizontal bedding in
the mudstones layers; (c) plant fossils and ichthyolites in the silty mudstone layers; (d) the lenticular bedding in the local fine sandstone
layers; (e) the erosional surface in the lower part of the fine sandstone layers; (f) the wedge-shaped cross-bedding in the fine sandstone
layers; (g) the trough cross-bedding in the fine sandstone layers; (h) the horizontal bedding in the mudstone layers; (i) field photograph of
fine grain-size debris quartz sandstone (DK5); (j) fine grain-size clastic texture, the grains are subangular-subrounded, the sort is fair well,
the contact relation is concavo-convex contact to line contact; (k) the sample DK5(+), rhyolitic debris; (1) the sample DK5(+), the embayed
boundary of quarts; (m) field photograph of fine grain-size debris quartz sandstone (DK15); (n) fine grain-size clastic texture, the grains are
subangular-subrounded, the sort is fair well, the primary contact relation is line contact; (o) the sample DK15(+), rhyolitic debris; (p) the
sample DK15(+), the blackmica’s deformation by the pressure. Q. Quartz; Bl. Blackmica; R. Rhyolitic debris.
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The upper Zhangping Formation, which ranges from
1,550 to 2,900 m, is mainly composed of yellow and light
purple thick greywacke and conglomeratic sandstone
blended with the light gray thin siltstone and mudstone
layers. The lower part of the upper Zhangping Formation
shows a normal grain sequence sedimentation rhythm,
and the upper part of the upper Zhangping Formation
shows an inverse grain sequence deposition rhythm. The
characteristics of lithology and bedding structures
indicate that the upper Zhangping Formation is fan
delta facies.

The Zhangping Formation showed a thickening
sequence upward, with a reverse grain size order in
ascending order (i.e., from small to large) (Figure 1d).
The changes in the facies sequence from shallow
lacustrine facies to fan delta facies reflect the lowering
of the lake level.

Samples used for testing in this study were all
collected from lower and middle Zhangping Formation,
17 sandstones among these samples were chosen to
perform modal analysis, 12 mudstones were used for
elemental geochemical analysis, and two sandstones
were used for detrital zircon U-Pb dating. The samples
used for the detrital zircon U-Pb dating were collected
from the lower part (DK5) and middle part (DK15) of the
Zhangping Formation. DK5 and DK15 samples were
classified as fine lithic quartz sandstones observed under
a microscope.

The DK5 sample was collected in the lower part of
the profile. The rock type here is fine lithic quartz
sandstone (Figure 2i), and it is fine-grained detrital and
massive in structure. The particles are mostly sub-
angular to sub-round. The sorting is good, and the
contact is bump contact-line contact (Figure 2j). The
sample showed particle support and mosaic cementa-
tion. The detrital particles mainly consist of 82% quartz,
15% lithic fragments, and 3% feldspar. The particle
diameters are concentrated within the range from 0.15 to
0.2mm. The quartz is mainly the single-crystal quartz
type, and the dirty surface can be seen to have a harbor-
like dissolution pattern (Figure 2k). The cuttings are
mainly volcanic rock detrital (rhyolite and tuff) (Figure 21),
and sericitization occurs often on the surface. The
interstitial material is mainly of a miscellaneous type,
and the biotite is bent and deformed.

The DK15 sample collected is located in the middle
part of the profile. The rock type is fine lithic quartz
sandstone (Figure 2m), and it is fine-grained detrital and
massive in structure. The particles are mostly sub-
angular to sub-round, and the sorting is better. The
contact of particles is the line contact type (Figure 2n).
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The sample showed particle support and mosaic
cementation. The detrital particles mainly consist of
80% quartz, 18% lithic fragments and 2% feldspar. The
particle diameters are concentrated within the range
from 0.15 to 0.2mm. The quartz surface is dirty. The
cuttings are mainly volcanic rock detrital (Figure 20),
and at the same time, bending biotites can be observed
(Figure 2p), and the interstitial material is mainly the
matrix.

4 Analysis method
4.1 Modal analysis of sandstones

By studying the contents of various components of
sandstone samples collected from the known regional
tectonic background, Dickinson [37] put forward
clastic model triangular diagrams that can reflect the
tectonic background of various provenances. There are
five triangular diagrams, such as, Q-F-L, Qm-F-Lt, Qp-
Lv-Ls, Qm-P-K, and Lm-Lv-Ls. In this paper, we point-
counted components of 18 samples, and the main
components are monocrystalline quartz (Qm), poly-
crystalline quartz (Qp), feldspar (F), plagioclase (P), K-
feldspar (K), and lithic fragments (L), as well as
volcanic (Lv), metamorphic (Lm), and sediment frag-
ments (Ls). A minimum of 400 grains were counted per
sample, and a summary of the data is given in
Table S1.

4.2 Element geochemical analysis

Twelve mudstones that were fresh and least affected by
diagenesis were collected to perform the elemental
geochemical analysis. The major element, trace element,
and REE analyses were performed at the Beijing
Research Institute of Uranium Geology. The major
elements were measured by X-ray fluorescence spectro-
metry, and the analytical precision and accuracy of the
major elements were both better than 5%. The trace
elements and REEs were measured by inductively
coupled plasma mass spectrometry, and the detection
limit was less than 0.5 ppm. The detailed instrument
parameters and analytical techniques are described by
Xu et al. [18]. The final test results represent averages of
three times and the results are shown in Table S2.
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4.3 Detrital zircons dating

The samples were prepared after pulverization, zircon
selection, target preparation, and polishing. The
washing, heavy liquid separation, and magnetic separa-
tion steps were completed at the rock mineral sorting
facilities of the YuNeng Technology Service Co., Ltd,
Langfang City, Hebei Province. For the zircon selection,
the full account was taken of the color, size, and
different crystal forms. In total, 200-250 zircons were
selected randomly for target preparation at the Shangpu
Co. in Wuhan, Hubei, and these were polished to near
the maximum face; then, cathode luminescence (CL)
electron imaging was performed. Based on the photo-
graphic CL images of zircons and the avoidance of the
inclusions and cracks in the zircons when using the
transmitted light, the dating ages of the tested zircons
were determined.

The zircon U-Pb age determinations were completed
at the Northeast Asia Mineral Resources Evaluation of
Land and Resources Key Laboratory of Jilin University.
The laser ablation work was completed with a
COMPExPro type ArF excimer laser (Coherent
Company, Germany). The mass spectrometer was a
7,900 type quadrupole plasma mass spectrometry
instrument (Agilent, USA). The laser beam spot diameter
was 32pm. The isotope ratio correction was performed
by using the standard zircon 91,500 (1,062Ma) as an
external standard. The standard zircon PLE/GJ-1 was
used in monitoring as a blind sample. The element
content calculations were performed by using the
international standard NIST610 as the external standard
and Si as the internal standard. Additionally, NIST612
and NIST614 were used in monitoring as a blind sample.
The test analysis process was completed following the
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methods described by Yuan et al. [38]. The calculations
for isotope ratios and element contents were performed
with Glitter software. The concordant ages and images
were processed by using Isoplot/Ex (3.0) [39]. The error
given by the analysis data and the zircon U-Pb
concordant diagram was 1o and this reflects the 95%
confidence coefficient. The zircon ages that were less
than 1,000 Ma were obtained by using the 2°°Pb/>%U age
values, while the older ones were derived by using a
more accurate age of *°°Pb/?*’Pb [40,41].

5 Analysis results
5.1 Element geochemical results

Mudstones from the study area have high SiO, values in
ranges of 56.5-70.7%, high Al,Os; contents in ranges of
15.3-22.4%, and low CaO contents in ranges of
0.02-0.09% and ratios of Al,05 to (Na,O + CaO) ranges
from 59 to 101.76. These values and ratios indicate that
the main minerals of mudstones from the Zhangping
Formation are quartz and feldspar minerals rich in silica
and aluminium with a little carbonate. The Primitive
mantle-normalized incompatible trace element variation
diagrams show that these mudstone samples are in
abundances of large-ion lithophile elements the curves
of these samples are broadly similar to the curve of
upper continental crust (Figure 3), but Sr values of
samples are pretty low compared with that of upper
continental crust, indicating a dearth of plagioclase.
The REE patterns of these samples are all similar to the
pattern of the upper continental crust with the
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Figure 3: Primitive mantle-normalized spider diagrams and Chondrite-normalized REEs patterns for analyzed samples in the Zhangping
Formation. Data for primitive mantle and chondrite are from Sun and McDonough (1989). Data for Upper Continental Crust from (Taylor and

Mclennan, 1985).
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characteristics of obvious differentiation of light rare
earth elements ((La/Sm)y = 2.7-4.9) and weak differ-
entiation of heavy rare earth element ((Gd/Yb)y
1.6-2.2) (Figure 3).

5.2 Zircon U-Pb ages

According to the transillumination and CL images of
zircon particles in the DK5 and DK15 samples, particles
can be divided into two types, namely, euhedral zircon
and well-rounded zircon (Figure 4). The euhedral zircons
may represent the near-source zircon approximately,
and the well-rounded zircon may represent material that
underwent long-distance transport or depositional re-
circulation. Beside the fact that the individual zircon had
a certain core-rim structure, the internal structures were
even and the edges showed the development of an
oscillating growth zone that was indicative of a magma
cause in most of the zircons. A total of 220 U-Pb isotope
analyses were conducted on 220 zircon particles randomly
selected from the DK5 and DK15 samples (Table S3).

All zircon data were plotted on the U-Pb concordia
diagram (Figure 5a and b), but only 209 analyses show a
discordance lower than 10%, while those analyses with
discordance higher than 10% are marked in red (Figure
5a and b) and were excluded in the element content
analyses, isotope ratio analyses, and age statistics. All
test points’ ages for the two samples range from 180 to
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2,662 Ma. DK5 sample results showed one major age
peak at ca. 1,848 Ma and two secondary peaks at ca. 235
and 180 Ma (Figure 5c). DK15 sample results showed one
major age peak at ca. 1,876 Ma and two secondary peaks
at ca. 233 and 190 Ma (Figure 5d). The age compositions
of the middle section (DK15) and the lower section (DK5)
of the profile were similar.

The contents of Th and U in DK5 and DK15 varied
greatly. For DK-5 sample, the Th content ranged from
32.96 x 107 to 741.42 x 107® and the U content ranged
from 73 x 107° to 1619.44 x 10°°. Among the 110 tested
points, the Th/U values of most points were greater
than 0.1 and the majority of them were greater than 0.4
except for those of DK5-15 and DK5-26, which were 0.09
(Figure 6). For DK-15 sample, the Th contents ranged
from 2.58 x 107° to 609.04 x 10™® and the U contents
ranged from 57.54 x 107 to 1432.31 x 10°°. Among the
110 tested points, the Th/U values of most points were
greater than 0.1 and the majority of them were greater
than 0.4, except for the Th/U values of DK15-9, DK15-11,
DK15-71, DK15-87, DK15-101, and DK15-104, which were
less than 0.1 (Figure 6). The trace and REEs of zircons
from DK-5 and DK-15 displayed steep chondrite normal-
ized REE patterns except for DK5-1, DK5-7, DK5-21, DK5-
34, DK5-94, DK15-2, DK15-41, DK15-45, DK15-54, DK15-
66, and DK15-82 (Figure 5e and f). Combined with the CL
images (oscillatory zoning), this indicates that most
zircons of the Zhangping Formation are of magmatic
origin and a few zircons with ages of ca. 2,000 - 1,800 Ma
are of metamorphic origin.
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Figure 4: CL images of the zircons and analyzed points. Note: the red circles in the figure are analysis sample points, the values near the

zircons are the analysis number and the zircons’ age (Ul: Ma).
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Figure 6: Zircons’ ages and Th/U relationship diagram of the Middle
Jurassic samples in the Southwestern Fujian.

6 Discussion

6.1 Provenance analysis

6.1.1 Modal analysis

The statistics results were plotted on the Dickinson
diagrams (Figure 7). In the QFL diagram, the quartz (Q)

content of samples was high, and the point was located
in the recycled orogeny area. The positions of sample
points of the Zhangping Formation in the QmFLt
diagram (where Lt represents total lithic fragments)
did not change significantly compared with that in the
QFL diagram, and data were just shifted a little
downward, indicating that there is no ocean compo-
nent in the sample. In the QpLvLs diagram, all points of
the Zhangping Formation fell into the areas of arc
orogen sources and mixed orogenic sands and away
from the source area of subduction complex sources
and collisional orogen sources. In the QmPK diagram,
all samples were located in the land block source area
due to the characteristics of high quartz contents and
low feldspar contents, indicating that samples have
high degree of maturity and stability, while there was a
lack of the deep components. In the Lm-Lv-Ls
diagram, all samples fell within the area of back-arc,
thus indicating that source rocks of the Zhangping
Formation are characterized by the tectonic back-
ground of the back-arc basin. According to the analysis
of the samples’ positions in the diagrams, the sedi-
mentary provenance of the Zhangping Formation is
mainly from the recycled orogen and the arc orogeny
source area.
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6.1.2 Element geochemical analysis

Weathering and other modification effects can influence
the major elements in sediments during the process of
transport and deposition [42], so it is necessary to
distinguish the degree of weathering before the prove-
nance analysis with major elements. The chemical
index of alteration (CIA) can indicated weathering
degree [43], and the chemical composition variation
index (ICV) was used to determine whether clastic
sediments were primary deposits or recirculation
deposits [44]. ICV-CIA diagram was used to determine
the degree of weathering for Zhangping Formation
samples, and all samples are plotted within the strong
weathering area (Figure 8a), which indicates that the
samples in the study area generally experienced strong
weathering or recycled deposition. However, some trace
and REEs in the mudstone are relatively stable and not

affected by weathering and sedimentation, which can
well reflect the geochemical properties of the prove-
nance [27]. If the diagenesis causes the loss of trace
elements in samples, the Th/Sc and CIA values will
show a positive correlation [45]. We analyzed the
correlation between Th/Sc and CIA of all samples
from Zhangping Formation (Figure 8b). The results
show that the correlation coefficient between the Th/Sc
and CIA is 0.0363, which indicates that trace elements
can well reflect the composition of source rocks.
Therefore, the element geochemical test data were
plotted on the REE and La/Yb provenance rock
discrimination diagrams (Figure 8c), the La/Th-Hf
diagram (Figure 8d), the Th—Hf-Co diagram (Figure 8e),
and the Th/Sc-Zr/Sc diagram (Figure 8f). In the Y REE
and La/Yb provenance rock discrimination diagram
(Figure 8c), most samples fell into the intersection of
sedimentary rock and granite except a few samples
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falling in the granite area and sedimentary rock area. It
can be seen that the source rocks of Zhangping
Formation are mainly from sedimentary rock and
granite. In the La/Th-Hf diagram (Figure 8d), almost
all samples are distributed in the acid island arc
provenance except two samples falling in the passive
continental margin provenance and its vicinity, indi-
cating that the sediments are mainly derived from acid

1983).

island arc source area and ancient sediments. In the
Th-Co-Hf ternary plot (Figure 8e), samples fall in the
felsic igneous provenance, shale (upper crust), and
greywacke provenance. In the Th/Sc-Zr/Sc diagram
(Figure 8f), the samples were mainly distributed along
the evolution line of the sedimentary cycle, and all fall
within the granite region, indicating that the source
rocks of these samples are felsic rocks.
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6.1.3 Detrital zircons ages

The high hardness and high closed temperature are key
characteristics of zircon, which enable it to maintain a
stable U-Pb isotope system after experiencing a variety
of geological processes [46,47]. Therefore, using the
detrital zircon age spectrum of sediments has become
one of the most effective research methods for revealing
the source area and making affinity comparisons. In this
paper, the detrital zircon ages of sedimentary basins in
late Paleozoic-early Mesozoic were applied in compar-
isons among southwestern Fujian and the East Guang-
dong basin (southeastern Cathaysia Block), Dongkeng
basin of southern Jiangxi and Ji’an basin of middle
Jiangxi (middle Cathaysia Block), Hengyang basin of
middle-south Hunan and Pingle basin of west Jiangxi
(northern Cathaysia Block), Jingdezhen basin of north-
eastern Jiangxi and Huangshan basin of southwestern
Anhui (Yangtze Block), and Jian’ou basin of northern
Fujian (eastern Cathaysia Block) (Figures 9 and 10). The
results showed that detrital zircon composition of
southern South China Block is concentrated in the late
Paleozoic-early Mesozoic range, and there is a significant
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lack in Paleoproterozoic zircons. The zircon age compo-
sition of northern South China Block was found to be
significantly older than that of southern South China
Block, with zircons older than 3,000 Ma. In addition,
detrital zircons ages were also compared with typical
magmatic rocks from the surrounding potential source
area to further determine the source area (Figure 11). The
two sets of samples of the Zhangping Formation from the
Middle Jurassic in southwestern Fujian were mainly
composed of Paleoproterozoic zircon ages and early-
Mesozoic zircon ages. From the Mesozoic to Paleoproter-
ozoic, the span of time is very large, and CL images show
that older zircons (ca. 1,800 Ma) from the Zhangping
Formation are well-rounded, which indicate they are
transported and abraded over long distances or were
recycled from older strata, while younger zircons (ca.
300-1,900 Ma) are euhedral to subeuhedral, indicating
that these zircons may be deposited near source region.
The Precambrian detrital zircon ages ranged from 1,948
to 1,801 Ma, and major age peaks were detected at ca.
1,848 and 1,878 Ma. These zircons are mostly sub-
rounded, and a few zircons are rounded, thus indicating
that most zircons experienced short transport. Based on
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quoted from (Li et al. 2013). (3) The detrital zircons’ age of Jian
basin in Early Jurrasic quoted from (Meng et al. 2015). (4) The
detrital zircons’ age of Hengyang basin in Middle-Late Triassic
quoted from (Yan et al. 2011). (5) The detrital zircons’ age of Pingle
basin in Upper Triassic quoted from (She 2007). (6) The detrital
zircons’ age of Jingdezhen basin in Early Jurrasic quoted from (Xu
et al. 2016). (7) The detrital zircons’ age of Huangshan basin in
Early-Middle Jurrasic quoted from (Xu et al. 2016). (8) The detrital
zircons’ age of Jian’ou basin in Late Triassic quoted from (Yao et al.
2012). (9) The detrital zircons’ age of Jiangle basin in Middle
Permian quoted from (Li et al. 2012).

the trace element characteristics, most detrital zircons
with ages 1,948-1,801Ma from the study area are
magmatic in origin, and a few zircons are metamorphic.
Detrital zircons with ages of ca. 1,948-1,801Ma are
widely distributed in the Yangtze Block and Cathaysia
Block, whereas there are significant differences. At
present, a few granites are reported in the southeastern
Yangtze Block aged ca. 1,800 Ma, and most rocks aged at
ca. 1,800 Ma are metamorphic rocks [48-51]. There are k-
feldspar granites with ages of ca. 1,850 Ma in the
Kongling area located in the Yangtze Block [52];
however, the basement still lacks a large number of
rock masses of ca. 1,900-ca. 1,800 Ma [53]. In the
Cathaysia Block, the granite bodies with ages of
1,900-1,800 Ma are widely distributed in the Wuyi
region [54-58]. At the same time, the oldest rocks
exposed in the Wuyi region are a set of thick
metamorphic rocks, which are part of the Mayuan Group
of the Paleoproterozoic [59]. Eastern orogen located in
southeastern South China Block began to uplift in the
late Paleozoic resulting in a paleocurrent of South China
Block in the Late Triassic-Early Jurassic that flowed from
north to south, and the paleocurrent direction in the Late
Triassic-Early Jurassic was 208° in western Zhejiang and
was 215° in western Fujian [60]. Besides, Hengyang,
Pingle, Jingdezhen, Huangshan, and Jiangle basins all
have major age peaks at ca. 1,800 Ma (Figure 10)
[61-64], and these zircons are also derived from Wuyi
region.

There exist Indosinian age peaks (ca. 233 and
235Ma) and Yanshanian age peaks (ca. 180 and
190 Ma) in the early Mesozoic detrital zircons. The early
Mesozoic detrital zircons are widely distributed in the
Cathaysia Block and Yangtze Block (Figure 11). During
the Triassic, the Indochina Block collided with the South
China Block [4,5], which led to formation of abundant
Indosinian syncollisional granites aged ca. 240 Ma that
are widely distributed in northern Guangdong and
western Fujian of the Cathaysia Block, such as the
Youdong granite bodies with ages of 232 + 4Ma of
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Figure 11: Probability curves of ages for detrital zircons from the southwestern Fujian and the nearby potential source regions. (a) Detrital
zircon data of Cathaysia Block from (Xu et al., 2018; Hu et al., 2015; Yang and Jiang, 2018; Xu et al., 2018; Yu et al., 2007, 2008, 2010; Yao
et al., 2011; Xu et al., 2007; Wu et al., 2010; Li et al., 2002). (b) Detrital zircon data of Yangtze Block from (Liang et al., 2018; Zhu et al.,
2001; Duan et al., 2011; Yan et al., 2011; Wang et al., 2010; Li et al., 2010; Yang et al., 2015). (c) Detrital zircon data of Nanling Range (Ji and
Wu, 2010; Xu et al., 2010; Zhu et al., 2010; He et al., 2010). (d, e) Detrital zircon data of this study.

northern Guangdong [65], and the Gutian granite
plutons with ages of 235 + 2.4Ma of western Fujian
[66]. As influenced by the Indosinian movement,
Indosinian granites are widely distributed in the Wuyi
region, which is located in the western part of the study
area. These detrital zircons are euhedral to subhedral,
thus indicating that most zircons experienced short-
distance transportation. The zircons showed oscillatory
zoning and high Th/U ratios, which indicates that the
zircons are magmatic in origin. The paleocurrent

direction of the southeastern South China Block in the
Early-Middle Jurassic was from northeast to southwest
[67]. Therefore, the Indosinian granite in the Wuyi area
of South China Block may provide the provenance for
southwest Fujian.

The Yanshanian detrital zircons of the study area are
mostly subangular, with obvious oscillatory zoning, and
combined with the trace element characteristics, these
findings indicate that most zircons are in origin and
experienced short-distance transportation. There exists
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evidence of abundant early Yanshanian magmatic
activities (200-180 Ma) in the Nanling area (southern
Jiangxi, northern Guangdong, and western Fujian)
[12,68-70] (Figure 11), such as the Changpu bimodal
volcanic rocks with ages of 205-180 Ma in southern
Jiangxi [71], the Keshu granites with ages of 194-182 Ma
in southern Jiangxi [72], the granodiorites aged ca.
193Ma and gabbro diabases aged ca. 196 Ma in the
Dongkeng basin of southern Jiangxi [73], the Xialan
granite bodies with ages of 194 + 1Ma, the Wengong
granite bodies with ages of 192 + 1Ma in northern
Guangdong [70], and the Yongding acid volcanic rocks
with ages of 188—179 Ma in Fujian [74]. Dongkeng Basin
consists of major age peaks at ca. 196 Ma (Figure 9) and
its main source area is Nanling Range [3]. Combined
with the geochemical characteristics of the Zhangping
Formation, granites are the source rocks of the
Zhangping Formation. Therefore, the early Yanshanian
magmatic rocks in the Nanling area may represent the
provenance for southwest Fujian.

6.2 Basin nature in the early-middle Middle
Jurassic

The comparison of the tectonic evolution of the global
Greenville orogenic belt is one of the most important
issues in the research on the reconstruction of super-
continent Rodinia in the Mesoproterozoic. The Greenville
orogeny lasted mainly from ca. 1,190 to 980 Ma [75], and
the upper limit was ca. 950 Ma [76]. In recent years,
many scholars have proposed that the Greenville
orogeny in China reflects the Jinning movement induced
by the collision of the North China Block and the Yangtze
Block [77,78]. Because of the combination and splitting
of the Rodinia supercontinent in the late Mesoproter-
ozoic and early Neoproterozoic, and a large number of
magmatic rocks and Jinning orogenic belt were devel-
oped in the Yangtze Block in these periods [26,79,80].
Wang et al. [26] discovered the presence of ca. 1,190 to
980 Ma detrital zircons in the Wenbinshan Formation of
the Late Triassic in southwestern Fujian, thus demon-
strating that Greenville rocks provided provenance for
southwestern Fujian in the Late Triassic. However,
detrital zircons of 980-1,190 Ma only appeared in the
upper part of the Wenbinshan Formation and not in the
lower part, which may be indicative of the denudation
processes of the Jinning orogenic belt. The Indosinian
movement formed by the closure of the Paleo-Tethys
Ocean and the collision of the Indochina Block and
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South China Block may have led to the uplift and
denudation of the Jinning orogenic belt, which could
have provided the detrital zircons with ages of ca. 1,190
to 980 Ma for the upper Wenbinshan Formation. How-
ever, detrital zircons with ages of 1,190 to 980 Ma were
not found in the Lishan Formation of the Early Jurassic
and the Zhangping Formation of the Middle Jurassic,
which indicates that the Indosinian movement did not
continuously denudate the Jinning orogenic belt. This
shows that southwestern Fujian experienced a change in
the tectonic regime and the basin nature.

In the Early Jurassic, the Changle-Nanao fault zone
located in the southeastern South China Block con-
tinues to develop the thrust-nappe structures [34],
which controlled the formation and evolution of basins
in Guangdong and Fujian regions. Xu et al. [17]
analyzed the basin nature of Southwestern Fujian in
the Early Jurassic by using sedimentology and element
geochemical and proposed that Southwestern Fujian
was a compressional basin at that time. However,
entering into the Middle Jurassic, the sedimentary
facies of Southwestern Fujian changes from delta facies
into lacustrine facies; in the late Middle Jurassic, the
sedimentary facies changed into delta facies again, and
there is a reverse grain size order upward, which reflect
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Figure 12: Cumulative proportion curves of variation of the
difference between the measured crystallization age for a detrital
zircon grain and the depositional age of the Zhangping Formation
(modified from Cawood et al. 2012), convergent setting (A, red),
collisional setting (B, green), extensional setting (C, blue),
transition between convergent-collisional (yellow), transition be-
tween convergent-extensional setting (pink), and transition be-
tween collisional-extensional setting (purple and pink).



972 —— Xu Zhongjie et al.

shrinkage of the lake and filling characteristics of basin
closure, indicating that southwestern Fujian was
controlled by the compressional setting in the late
Middle Jurassic. The changes of sedimentary facies
show that Southwestern Fujian expanded gradually
during the early-middle Middle Jurassic under exten-
sional setting, and began to shrink since the late
Middle Jurassic, controlled by compressional setting
due to the increased subduction angle of the Paleo-
Pacific Block [12]. In recent years, using detrital zircons
to determine basin nature has been recognized by
many scholars [35,36,81,82]. In the cumulative propor-
tion versus the difference between crystallization age
and depositional age diagram proposed by Cawood
et al. [81] (Figure 12), two samples of Zhangping
Formation all fell into the extensional setting area,
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extensional basin in the early-middle Middle Jurassic.
Moreover, new discriminant diagrams based on major
elements and trace elements proposed by Verma and
Armstrong-Altrin [32,33] were used to determine the
basin nature of Southwestern Fujian in the early
Middle Jurassic. Ten samples whose SiO, contents
were pretty high were chosen to correct their contents
and plotted on the discriminant diagrams; the specific
discriminant functions were shown by Verma and
Armstrong-Altrin [32,33] and Rivera-Gémez et al. [83].
The results show that Southwestern Fujian was rift
basin controlled by extensional setting during the
early-middle Middle Jurassic (Figure 13). In conclusion,
sedimentology, geochemistry, and detrital zircons all
suggest that Southwestern Fujian changed from com-
pressional basin of the Early Jurassic into extensional

which indicate that Southwestern Fujian was basin of the early-middle Middle Jurassic.
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6.3 Change of tectonic regime in the early
Mesozoic

The closure of the Paleo-Tethys Ocean occurred in
southwestern South China Block, and the South China
and Indochina Blocks collided in the Indosinian period
[5,84]. The magmation of South China Block was active
from ca. 290 to 260 Ma to ca. 240 to 200 Ma due to the
Indosinian movement. During the late stage of the early
Jurassic to the Middle Jurassic, the Paleo-Pacific Block
subducted beneath the South China Block at a small
angle, and this triggered deep mantle activities in the
South China Block, thereby changing the deep dynamics
of the South China Block. This caused the South China
Block enter into the extensional tectonic regime [12,60],
and Yanshanian bimodal volcanic rocks were widely
distributed [3,85]. The main age peaks of detrital
sediments in the East-Guangdong basin changed from
ca. 250 to 240 Ma to ca. 180 to 170 Ma, and main sources
changed from the Indosinian magmatic rocks located in
southern South China Block to the Yanshanian magmatic
rocks located in the Nanling region. Yang and He [86]
suggested that this change was affected by the volcanic
activities in the provenance. The detrital zircon ages of
southwestern Fujian in the Late Triassic exhibit age
peaks at ca. 220 and 270 Ma [35]. The detrital zircon ages
in the Early Jurassic exhibit age peaks at ca. 230 and
280 Ma [35]. The zircon ages of the Zhangping Formation
in the Middle Jurassic exhibit relatively obvious age
peaks between ca. 240Ma and ca. 180 to 190 Ma.
Although uplift denudation of the erosion area cannot
be ruled out, the detrital zircon age peaks of south-
western Fujian in the Late Triassic-Middle Jurassic,
which changed from ca. 230 to 220 Ma and ca. 280 to
270 Ma to ca. 180 to 190 Ma, were also affected by the
volcanic activity in the source area. The Indosinian
magma belt was the major sedimentary source area for
southwestern Fujian in the Late Triassic and Early
Jurassic [26,35]. Meanwhile, the zircon age peak of ca.
190 to 180 Ma in the sediments of southwestern Fujian
in the Middle Jurassic was closely related to the
Yanshanian rocks in the Nanling region [13,58,70],
indicating that these rocks had replaced Indosinian
rocks as the main source rocks in the early-middle
Middle Jurassic. These findings indicate that the tectonic
regime of southwestern Fujian changed from a Paleo-
Tethys tectonic domain in the Late Triassic — Early
Jurassic to a Paleo-Pacific tectonic domain in the Middle
Jurassic.

LA-ICP-MS U-Pb ages of detrital zircons from Middle Jurassic sedimentary rocks in southwestern Fujian

— 973

7 Conclusion

(1) Element geochemistry results indicate that source
rocks of the Zhangping Formation of the Middle
Jurassic in Southwestern Fujian are mainly sedimen-
tary rocks and granites; modal analyses results show
that the sedimentary provenance of the Zhangping
Formation is mainly from the recycled orogen and
the arc orogeny source area. The detrital zircon
composition of the Zhangping Formation of south-
western Fujian in the Middle Jurassic is mainly
composed of Paleoproterozoic (ca. 1,948-1,801 Ma)
and early Mesozoic (ca. 235-180 Ma) zircons. The
Paleoproterozoic detrital zircons of southwestern
Fujian in the Middle Jurassic were mainly from the
Wuyi region located in the Cathaysia Block, and a
few zircons may have been derived from the Yangtze
Block. The late Indosinian zircons may be derived
from the Wuyi region, and the Yanshanian zircons
may have been derived from the Nanling region.

(2) Sedimentology, geochemistry, and detrital zircons all
indicate that Southwestern Fujian changed from
compressional basin of the Early Jurassic into
extensional basin of the early-middle Middle
Jurassic. The major age group changes from ca. 230
to 220 Ma of the Late Triassic — the Early Jurassic to
ca. 190-180 Ma of the Middle Jurassic in south-
western Fujian, and the main sources also change
from Indosinian granites in the Late Triassic — Early
Jurassic to early Yanshanian rocks in the early-
middle Middle Jurassic.
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