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The Mesozoic northern Yangtze foreland basin system was formed by continental collision between the
North China and South China plates along the Mianlue suture. Synorogenic stratigraphic sequences of
Late Triassic to Early-Middle Jurassic age were developed in the northern Yangtze foreland basin. The
upper Middle Jurassic Shaximiao Formation consists mainly of thick-bedded terrestrial successions that
serve as the main body of the basin-filling sequences, suggesting intense tectonism in the peripheral
orogeny of the foreland basin. Laser-ICP-MS U-Pb analysis of 254 detrital zircon grains from sandstone
samples and several published Lower-Middle Jurassic samples, detrital compositions, petrofacies, and
paleocurrent reconstructions in the northern Yangtze foreland basin indicate that discrete source areas
included the Qinling-Dabieshan ranges and the Mianlue suture zone to the north, and the South China
plate to the south. The stratigraphic succession and sediment provenance of the foreland basin imply that
the early Mianlue oceanic basin, magmatic arc, and nonmarine molasse foreland basin during the period
of deposition were modified or buried by the subsequent continent-continent collision between the
North China-Qinling-Dabieshan plate and the Yangtze plate during the Jurassic, which followed the
oblique amalgamation between these plates during the Middle-Late Triassic.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The Qinling-Dabieshan orogen formed during the collision
between the South China and North China plates along two
north-dipping suture zones in central China. These suture zones
are the Shangdan suture, which developed during the Late Paleo-
zoic, to the north, and the Mianlue suture, which formed during
the Early Mesozoic, to the south (Zhang et al., 2001; Liu et al.,
2005, 2015a, 2015b; Li et al., 2014) (Fig. 1). The two sutures sepa-
rated three crustal fragments from north to south: the North China
plate, the Qinling-Dabieshan microplate, and the South China
plate, which consists of the Yangtze plate in the north and the
Cathaysia plate in the south (Zhang et al., 2013; Liu et al., 2015b)
(Fig. 1). Amalgamation of the Yangtze plate and the North
China-Qinling-Dabieshan complex plate resulted in a continent-
continent collision during the Middle to Late Triassic. It has been
confirmed that the Yangtze plate started to obliquely collide with
the North China-Qinling-Dabieshan complex plate since the
Middle-Late Triassic (Liu et al., 2005, 2015b; Zhu et al., 2009).
However, it is still unclear whether this compressional orogenesis
continued after the collision of these two plates and how synoro-
genic units developed during the Early-Middle Jurassic, although
there has been some previous research by Enkin et al. (1992),
Gilder and Courtillot (1997), Yokoyama et al. (2001), and Liu
et al. (2005). Long-distance subduction of the northern Yangtze
plate under the Qinling-Dabieshan plate led to the destruction of
parts of the northern Yangtze plate; furthermore, postorogenic ero-
sion has removed many of the supracrustal units, thereby hamper-
ing reconstructions of the basin-mountain distribution of this area.
Sedimentation into adjacent foreland basins can provide another
constraint on at least the late stages of collisional deformation of
the northern Yangtze plate. This information promotes our under-
standing of the orogen-parallel evolution of the major continental
suture. Unfortunately, much of the synorogenic supracrustal units
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Fig. 1. Structural map of the southern Qinling-Dabie orogen and northern Yangtze plate (modified from Liu et al. (2005)). The black circle and stars denote detrital zircon
sandstone samples of the Middle Jurassic Qianfoya and Shaximiao formations, respectively, cited from previous studies (Li et al., 2010; Luo et al., 2014); the blue star denote
detrital zircon sample of the Middle Jurassic Huajiahu Formation of Southeast Hubei Basin (Yang et al., 2010); the red circles and stars denote detrital zircon sandstone
samples obtained from the Qianfoya and Shaximiao formations, respectively, in the present study. The red triangles indicate sites of measured stratigraphic sections. (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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have been eroded away; therefore, here we attempt to investigate
the synorogenic units of the northern Yangtze plate and improve
understanding of the collisional process between the North
China-Qinling-Dabieshan and Yangtze plates during the Early-
Middle Jurassic. To this end, we synthesize evidence from basin-
filling sequences, petrologic constraints, paleoflow reconstructions,
and detrital zircons in the foreland basin of the southern Qinling-
Dabieshan fold-thrust belt. The northern Yangtze foreland basin
contains thick sedimentary fills of Late Triassic to Cenozoic age.
The basin provides a relatively continuous record of source-area
deformation and unroofing, allowing us to infer the exhumation
and denudation of the evolving source areas.
2. Tectonic setting and basin stratigraphy

The southern Qinling-Dabieshan foreland fold-thrust belt is
divided into northern, southern, and frontal subbelts (Liu et al.,
2015b). The southern subbelt includes the Longmenshan, the
east-west striking Micangshan, and the arcuate Dabashan fold-
thrust belts, which underwent orogenesis related to amalgamation
of the North China-Qinling-Dabieshan and Yangtze plates. The
folds and thrusts in this subbelt mainly involve Cambrian to Mid-
dle Triassic strata in the north, and Upper Triassic to Middle Juras-
sic foreland basin deposits in the south. The Longmenshan fold-
thrust belt bounding western margin of the Sichuan Basin is
defined by three NE- or SW-dipping thrust faults. This region expe-
rienced at least two major shortening events: tectonism associated
with Late Triassic collision between the North China and South
China plates, and deformation related to eastward growth of the
Tibetan Plateau during the Mesozoic (Yan et al., 2011; Li et al.,
2014). The east-west striking Micangshan fold-thrust belt is adja-
cent to the Dabashan to the east and the Longmenshan to the west
(Fig. 1). Previous studies have demonstrated that Micangshan fold-
thrust belt experienced moderate denudation during the Cenozoic
(Tian et al., 2012). Rapid pre-Late Cretaceous cooling in the
Micangshan fold-thrust belt was coeval with the thrusting event,
which affected the deposition of sediments in the Late Jurassic to
Early Cretaceous foredeep of the northwestern Yangtze plate (Liu
et al., 2005, 2015b; Tian et al., 2012). The Dabashan fold-thrust
belt, a typical NE-SW-protruding arcuate structure (Fig. 1), under-
went NE-SW shortening during the Late Triassic to Early Jurassic in
response to continental collision between the Yangtze and North
China plates (Zhao and Coe, 1987; Nie et al., 1994). There is
evidence that the Dabashan fold-thrust belt was thrust over the
primary Micangshan fold-thrust belt; additionally, the observation
that the western part of the Dabashan fold-thrust belt truncates
the eastern Micangshan fold-thrust belt demonstrates that the
Micangshan fold-thrust belt underwent tectonic deformation
earlier than did the Dabashan fold-thrust belt.

During the Late Triassic and Early-Middle Jurassic collision-
induced orogenesis, marine sedimentation in the Mianlue suture
zone ceased and the Mianlue oceanic basin evolved into a periph-
eral foreland basin. Located in the northwestern part of the
Yangtze plate, the Sichuan and Zigui basins formed as a foreland
basin in which marine-nonmarine molasse was deposited during
the Middle-Late Triassic. Commencing in the Early Jurassic, a thick
succession of continental strata was deposited in the basin. The
Lower-Middle Jurassic sequence includes the Baitianba Formation
(Lower Jurassic), Qianfoya Formation (early Middle Jurassic), and
Shaximiao Formation (late Middle Jurassic); these formations are
well exposed in the Sichuan and Zigui basins (Fig. 2).

The Baitianba Formation occurs above an angular unconformity
that separates it from the Upper Triassic Xujiahe Formation. The
formation is composed of fining-upward successions beginning
with a basal conglomerate featured by a meandering riverbed



Fig. 2. Upper Triassic to Upper Jurassic stratigraphic units and their correlation across the Sichuan, Zigui and Southeast Hubei basins. Fm, Formation.
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(Allen, 1978). Fine- to medium-grained sandstone and conglomer-
atic sandstone with massive bedding and tabular cross-bedding
along with tree trunks occur above the conglomerate. Alternations
of thick-bedded fine-grained sandstone, laminated siltstone, and
mudstone overlie the sand bodies interlayered with thin-bedded
coal layers or coal seams (Fig. 3). The lower part of the Middle
Jurassic is represented by the Qianfoya Formation, which consists
of fining-upward depositional cycles characterized by meandering
river or shore and shallow-lacustrine successions (Fig. 3). Each
cycle begins with a thin-bedded conglomerate or fine- to
medium-grained sandstone with massive or tabular stratification.
Upward in the cycle, the coarser sediments are capped by thick-
bedded rhythmic siltstone with well-developed parallel lamina-
tions, sandy mudstone, and mudstone containing lenticular
coarse-grained sandstone. Abundant leaf fragments and fossils of
nonmarine bivalves are found in the finer sediments. The thick suc-
cession of the Shaximiao Formation (upper Middle Jurassic) filled
most of the foreland basin. The Shaximiao Formation consists pri-
marily of several coarsening-upward successions with localized
fining-upward units containing siltstone, silty mudstone, and
mudstone, as well as medium- to coarse-grained sandstone
(Fig. 3). All cycles can be divided into two parts: the lower part
consists of thick-bedded alternations of siltstone, silty mudstone,
and mudstone with a flaser-wavy-lenticular-bedded interval con-
taining thinly bedded fine- to medium-grained sheet sandstone;
and the upper part contains conglomeratic sandstone, medium-
to coarse-grained sandstone with large-scale tabular, trough,
wedge, and massive cross-stratification with local sharp, undulat-
ing, scour-filling surfaces (Fig. 3). The Shaximiao Formation succes-
sions are interpreted as braided-stream delta deposits.
3. Samples and methods

3.1. Point-counting

Hand samples were collected in the field where exposure was
good and the sandstone grain size was fine, medium, or coarse.
Thin sections were prepared and 500–600 framework grains were
counted per slide. Because of the wide range of rocks exposed in
the Qinling-Dabieshan orogenic belt, lithic composition is an
important and effective indicator of the source area. We used the
traditional method of point-counting and plotted the results for
lithic composition (Fig. 3). Although we only show the results as
percentages, taking the consistency of grain size (mostly
medium-grained sandstone) into consideration, we infer that lithic
compositional percentages are useful as source-area indicators. We
used the Gazzi-Dickinson method, which minimizes the influence
of grain size, to plot the point-counting results on total quartz-
feldspar-lithic (Qt-F-L), monocrystalline quartz-feldspar-total
lithic (Qm-F-Lt), and polycrystalline quartz-volcanic fragments-
sedimentary fragments (Qp-Lv-Ls) ternary diagrams to provide
insight into the tectonic background of the source areas. Compared
with the traditional method, the Gazzi-Dickinson method yields
higher percentages of Q and F, and lower percentages of L.
3.2. Detrital zircon U-Pb dating

Zircons were dated in situ using a laser ablation-inductively
coupled plasma-mass spectrometer (LA-ICP-MS) at the State Key
Laboratory of Continental Dynamics, Northwest University, Xi’an,
China. Zircons were separated by heavy-liquid and magnetic meth-
ods and purified by handpicking under a binocular microscope.
More than 600 zircon grains were picked from each sample, from
which a total of 120 zircons were analyzed. Cathodoluminescence
(CL) images of the zircons were used to reveal the internal textures
of the zircons and to select optimal spot locations for U-Pb dating.
The CL images reveal the complicated structure of most detrital zir-
cons. Most zircons exhibit clear oscillatory zoning of magmatic ori-
gin; those which with no growth rims or narrow growth rim
structure are of metamorphic origin. We typically selected spots
on the areas of oscillatory zoning for U-Pb dating. Alternatively,
the cores were dated if the areas of zoning were extremely narrow
or absent. The spot size and laser frequency were 30 lm and 10 Hz,
respectively. The data acquisition mode was peak jumping (20 ms
per isotope each cycle). The concentrations of U, Th, and Pb were
calibrated using 29Si as an internal standard and NIST 610 as the
reference standard. Each analysis consisted of about 20 s of gas
blank and 40 s of signal acquisition. The 207Pb/206Pb, 206Pb/238U,
207Pb/235U, and 208Pb/232Th ratios, calculated using Glitter 4.0
(Macquarie University), were corrected for both instrumental mass
bias and depth-dependent elemental and isotopic fractionation
using Harvard zircon 91500 as an external standard. Age calcula-
tions and concordia diagrams were made using Isoplot 3
(Ludwig, 2003). Standard analytical details for the ages, and the
trace and rare earth element determinations of the zircons were
as reported in Yuan et al. (2004). Grains yielding ages with more
than 10% discordance were not included in the probability density
distribution curves and the final interpretation. All analytical
results for concordant zircons, U-Pb ages, and Th/U ratios are pro-
vided in the Supporting Information. We used 207Pb/206Pb ages for
zircons of age P1.0 Ga, and 206Pb/238U ages for zircons of age
<1.0 Ga.



Fig. 3. Lower-Middle Jurassic stratigraphic sections near the towns of Lianghekou (A) and Guling (B), northern Sichuan Basin. The locations of the sections are marked in
Fig. 1. The right-hand column of each section is a summary of lithic fragment data from thin sections of sandstone samples.
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4. Ternary plots, lithic composition, and petrofacies

4.1. Ternary plots of sandstone composition, and source analyses

In general, Middle Jurassic sandstones from the northern
Yangtze foreland basin are dominated by chert, andesite, and sed-
imentary rock fragments. Most samples fall in the field of recycled
orogen provenance in Qt-F-L and Qm-F-Lt ternary diagrams
(Fig. 4); some fall in the field of collision suture, fold-thrust belt,
and arc-orogen sources in the Qp-Lv-Ls ternary diagram (Fig. 4).
Consequently, the main source areas of the Middle Jurassic north-
ern Yangtze foreland basin are the southern Qinling-Dabieshan
foreland fold-thrust belt, the consumed island-arc belt of the Mian-
lue suture, and the pre-closure Mianlue ocean.



Fig. 4. Ternary plots for Early-Middle Jurassic sandstone composition data from the Lianghekou and Guling sections. Provenance fields are from Dickinson and Suczek (1979).
Qt, total quartz; F, plagioclase feldspar and K-feldspar; L, total lithic fragments excluding polycrystalline quartz; Qm, monocrystalline quartz; Lt, total lithic fragments; Qp,
polycrystalline quartz (including chert); Lv, volcanic rock fragments; Ls, sedimentary rock fragments (Liu et al., 2005, 2010).
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4.2. Lithic composition, petrofacies, and source analyses

The lithic composition data and petrofacies are illustrated in
Figs. 3 and 5. The percentage of each petrofacies in Fig. 5 is the nor-
malized percentage of total lithic content in each stratigraphic
unit. The petrofacies consists of groups of lithologies that are found
together in different source regions, thus defining a distinctive
provenance. Lithic petrofacies I consists of abundant chert
(Fig. 6a) in the Middle Jurassic strata. There are two potential
source areas for the chert fragments. One is the thick chert beds
interlayered with limestone of Permian to Early Triassic age
exposed in the southern Qinling-Dabieshan fold-thrust belt. The
other is the deep-water cherts of the Mianlue oceanic basin (clo-
sure of the oceanic basin during the Middle-Late Triassic produced
the currently buried part of the Mianlue suture). Although the
rocks of the suture zone are no longer exposed, it is possible that
deep-water cherts were present. Furthermore, masses of chert
pebbles occur at the base of the Lianghekou and Guling sections,
which may suggest that seafloor chert of the Mianlue ocean was
the source of the chert fragments. If the chert beds interlayered
with limestone were the source area, then detrital limestone grains
should be common in the sandstone; however, only the Lianghe-
kou section contains significant amounts of limestone (21%). In
addition, uplift of Paleozoic rocks by the thrust belt did not take
place until the Late Jurassic.

Petrofacies II contains rhyolite (Fig. 6b), trachyandesite, and
andesite (Fig. 6c). Andesite accounts for approximately 22% and
10% of the upper Middle Jurassic Shaximiao Formation in the Gul-
ing and Lianghekou sections, respectively; however, there is a lack
of rhyolite and trachyandesite in this region. The source area for
this lithic fragment type was probably the Mianlue suture in west-
ern Qinling, where there are limited occurrences of arc-volcanic
rocks (Lai and Zhang, 2000) of similar composition, suggesting that
the Mianlue suture once extended to the north of the northern
Sichuan and Zigui basins, but is now mostly covered by thrust
nappes. Upper Triassic strata are widely exposed along the



Fig. 5. Summary of lithic petrofacies in the Lianghekou and Guling cross-sections, northern Sichuan Basin (Liu et al., 2003, 2005).
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southern Qinling-Dabieshan fold-thrust belt (Dong et al., 2011),
and constituted the sedimentary source for the northern Yangtze
basin during the Jurassic.

Petrofacies III includes limestone (Fig. 6d) and dolomite frag-
ments that were possibly derived from Paleozoic to Triassic marine
sedimentary units in the Mianlue oceanic basin. Petrofacies IV con-
tains low-grade metasedimentary rocks, sericite-bearing slate
(Fig. 6e), and silty slate. The source area for Petrofacies IV includes
Silurian rocks of the Qinling-Dabieshan orogenic belt (Bureau of
Geology and Mineral Resources of Shaanxi, 1991).

Petrofacies IV contains a small number of sedimentary lithic
fragments of siltstone and fine-grained sandstone (Fig. 6f). Cessa-
tion of marine sedimentation and a progressive change to conti-
nental strata took place in the northern Yangtze plate during the
Middle and Late Triassic; therefore, Upper Triassic-Lower Jurassic
terrigenous clastic sedimentary rocks probably served as the
source areas. The scarcity of sericitized rocks (Petrofacies V)
(Fig. 6g) indicates that these rocks were barely exposed prior to
the Jurassic.

Chert, andesite, limestone, and sericite-bearing slate are the
main lithologies in Middle Jurassic rocks. Source areas in the Mian-
lue suture belt provided some detritus to the Jurassic northern
Yangtze foreland basin, particularly chert fragments. The prior to
closure of the Mianlue oceanic basin provided limestone fragments
from upper Paleozoic shelf deposits. Beginning in the Middle Juras-
sic, andesite debris was unroofed from a volcanic-arc source area
exposed in the Qinling-Dabieshan orogenic belt. Although it is
unclear when the volcanic arc was active, the regional tectonic set-
ting indicates that arc formation occurred. Another lithic type,
sericite-bearing slate, was probably also derived from the
Qinling-Dabieshan belt, especially the Silurian rocks of that area.

5. U-Pb ages and trace elements of detrital zircon

Samples NX and GL are medium- to coarse-grained sandstone
from the lower Middle Jurassic Qianfoya Formation from Nanxi
and the upper Middle Jurassic Shaximiao Formation from Guling,
respectively; both localities are in the northern Sichuan Basin
(see Fig. 1 for sample locations). A total of 105 single detrital zir-
cons from NX were dated, yielding 93 usable data, and 132 single
detrital zircons from GL were dated, yielding 112 usable data. In
addition, we cited data from one sandstone sample from the Qian-
foya Formation at the northeastern margin of the Sichuan Basin
and two from the Shaximiao Formation along the eastern margin
of the Sichuan Basin, from previous studies (Li et al., 2010; Luo
et al., 2014; sample locations are marked in Fig. 1).

Cathodoluminescence (CL) images clearly show that most of the
analyzed zircons, ranging from 64 to 294 lm in size, display oscil-



Fig. 6. Photomicrographs under orothogonal light showing lithic composition chert of HK-04(a), rhyolite of GL-34(b), andesite of GL-12(c), limestone of HK-08(d), sericite
slate of GL-02(e), sandstone of HK-15(f) and sericite altered rocks of GL-06(g). See locations of thin sections in Fig. 3.
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latory zoning and some sector/planar zoned or unzoned compli-
cated internal structures (Fig. 7). Most of the dated zircons are
columnar; a few are granular or irregularly shaped. The zircons
are sub-rounded to rounded, possibly indicating distal source areas
and long-distance transportation. Some angular-subangular zir-
cons with typical igneous oscillatory zoning are probably products
of tectonic magmatism. In contrast, zircons with white or gray rims
in CL images underwent strong crystallization that resulted in
replacement of the primary oscillatory zoning: these crystals yield
ages older than 1000 Ma. It is generally possible to estimate zircon
genesis on the basis of Th/U ratios: values of more than 0.4 are
indicative of a magmatic origin; values less than 0.1 suggest a
metamorphic origin (Hoskin, 2002). However, it has been reported
that the Th/U ratios of some magmatic origin zircons are less than
0.1 and of some metamorphic ones are more than 0.1 (Pidgeon,
1992; Hidaka et al., 2002). Therefore, comprehensive analysis of
internal structures, Th/U ratios, and rare earth elements is neces-
sary to investigate zircon origins.

5.1. Th/U ratios and rare earth elements

The analyzed zircons of the NX sandstone sample exhibit Th/U
ratios of 0.19–4.31, of which 78 grains (83%) have ratios higher
than 0.4, and no grains exhibit ratios of less than 0.1 (see the



Fig. 7. Representative cathodoluminescence images of zircons.
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Supporting Information). Most of the NX sample zircons have
variable but generally high chondrite-normalized total rare earth
element (REE) concentrations of 213.98–2046.66 ppm and are
characterized by distinct enrichment in heavy rare earth elements
(HREEs) ([Lu/Gd]N = 5.04–51.46), depletion in light rare earth ele-
ments (LREEs), steep HREE patterns ([Yb/Sm]N = 3.93–180.22), a
large positive Ce anomaly (dCe = 1.11–421.76), and a negative Eu
anomaly (dEu = 0.007–1.29; Fig. 8; see also Supporting Informa-
tion). These values, plus evidence from the CL images, suggest an
igneous origin (Vavra et al., 1996; Miller et al., 1998) (Fig. 7). Sim-
ilarly, the CL images show that typical igneous oscillatory zoning
dominates the GL sandstone sample, in which most of the Th/U
ratios are greater than 0.4 (approximately 88 grains see Supporting
Information). The grains, from this sample also show enrichment of
chondrite-normalized REE concentrations, steep HREE patterns
([Yb/Sm]N = 6.08–295.51), and negative Eu anomalies (dEu = 0.01–
0.77; Fig. 8; see also Supporting Information). Otherwise, a few
zircons from samples NX and GL that have lower negative Eu
anomalies consistently exhibit sector/planar zonation or are not
zoned and have shiny-rim internal structures (GL-40 and GL-48
in Fig. 7) that indicate a metamorphic origin for these grains.
5.2. Detrital zircon populations and potential source areas

The analyzed zircon U-Pb ages of Middle Jurassic strata can be
correlated with discrete source areas in the Qinling-Dabieshan
orogen in the north, the Mianlue suture zone, and the South China
plate in the south.

Nearly all the analyzed zircons show less than 10% discordance
on concordia plots (Fig. 9). For the NX sandstone, U-Pb dating
yielded four major zircon populations: 167–197 Ma (peak age
176 Ma); 207–299 Ma (peak age 265 Ma); 313–476 Ma (peak age
370 Ma); and 1650–2487 Ma (peak ages 1880 and 2480 Ma). For
the GL sandstone, U-Pb dating yielded six major zircon age popu-
lations: 158–188 Ma (peak age 160 Ma); 220–292 Ma (peak ages
221 and 274 Ma); 302–369 Ma (peak age 368 Ma); 711–831 Ma
(peak age 812 Ma); 1572–2494 Ma (peak ages 1888 and
2488 Ma); and 2512–2777 Ma (Fig. 10).

According to the youngest concordant age obtained from the
sample, which is identical to the maximum depositional age of
the sedimentary rocks (Greentree et al., 2006; Wang et al., 2012),
the timing of deposition of the Qianfoya and Shaximiao formations
were later than 167 ± 5 Ma and 158 ± 7 Ma, respectively.
5.2.1. Detrital zircons with ages of 167–197 and 158–188 Ma
The zircon populations with ages of 167–197 and 158–188 Ma

comprise 19 grains (20%) from the Qianfoya Formation and 12
grains (12%) from the Shaximiao Formation, respectively. The CL
and trace-element data (Th/U ratios exceed 0.4 for 85% of grains;
see the Supporting Information) indicate that most of the popula-
tion is of magmatic origin and that the peaks at �176 Ma and
�160 Ma in the zircon populations are probably consistent with
the ages of the magmatic rocks of the northern Yangtze foreland



Fig. 8. Chondrite-normalized REE patterns for zircons from the (A) NX and (B) GL sandstone samples from the Nanxi and Guling sections, respectively. Chondrite REE values
are from Sun and McDonough (1989).

Fig. 9. Concordia plots of zircons from medium- to coarse-grained sandstones from the Nanxi (A) and Guling (B) sections.
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basin. Although Yanshanian magmatism is evidenced by the grani-
tic rocks in north Qinling (Zhang et al., 2001; Dong et al., 2011)
(Fig. 11), during the Middle-Late Triassic the Yangtze plate obli-
quely collided with the North China-Qinling-Dabieshan plates
and collision progressed from east to west. Subsequently, the
molasse foreland basin of the northern margin of the Yangtze plate
experienced compression tectonism, which resulted in magmatism
during the Late Triassic and Early Jurassic. However, the burial or
covering up of these magmatic rocks resulted from later thrusting
related to the fold-thrust belt of the southern Qinling-Dabieshan
orogeny.
5.2.2. Detrital zircons with ages of 207–299 Ma and 220–292 Ma
A relatively large number of Permian-Triassic detrital zircons

were found in the NX and GL samples, accounting for 35% and
14% of the total number of zircons in each sample, respectively.
Higher Th/U ratios (only one grain with a value of <0.4), trace-
element data, and clear oscillatory zoning suggest a magmatic ori-
gin. The age peak at �221 Ma in the Permian-Triassic zircon popu-
lation is consistent with Triassic continental collision and
subduction in the Qinling-Dabieshan orogen along the Mianlue
suture zone; this period age is particularly widely distributed in
south Qinling (Figs. 11 and 12). Although the peaks at �265 and
�274 Ma are rarely found in the Qinling orogenic belt, this zircon
population can be interpreted as an influx of material derived from
erosion of the Mianlue suture zone, as evidenced by seismic struc-
tures that formed in the region of the Qinling-Dabieshan orogen
during the Late Paleozoic to Early Triassic, but that are now largely
buried by later long-distance overthrusting (Zhang et al., 2001; Liu
et al., 2015a, 2015b). Therefore, the south Qinling and Mianlue
suture zones are potential source areas for these zircon
populations.
5.2.3. Detrital zircons with ages of 313–476 and 302–369 Ma
This population with ages of 313–476 and 302–369 Ma com-

prise 35% from the NX and 0.05% from the GL sandstone sample,
respectively. The Paleozoic detrital zircon signature corresponds
to the distribution of Paleozoic volcanic rocks and granitoids along
the southern Qinling-Dabieshan orogen (Fig. 11), which potentially
were exhumed by thrusting. The peak ages of �370 and �368 Ma



Fig. 10. Probability density populations showing the LA-ICP-MS dating of detrital zircons from the lower Middle Jurassic Qianfoya Formation of the Nanxi section (NX) and
the upper Middle Jurassic Shaximiao Formation of the Guling section (GL). The locations of sampling sites are marked in Fig. 1. Data from previous studies are from She
(2008), Li et al. (2010), Yang et al. (2010), and Luo et al. (2014).
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Fig. 11. Distribution of Late Triassic-Cretaceous granites and their ages in the Qinling-Dabie orogenic belt (modified from Dong et al. (2011)).
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are consistent with the age of closure of the Shangdan oceanic
basin and north-directed subduction of south Qinling underneath
north Qinling (Zhang et al., 2001; Dong et al., 2011).

5.2.4. Detrital zircons with ages of 800–967 and 711–831 Ma
The Neoproterozoic detrital zircon population displays age

peaks at �856 and �812 Ma for the NX and GL samples, respec-
tively (Fig. 10). All the Th/U ratios of zircon grains exceed 0.4 and
CL images are characterized by clear oscillatory zoning, suggesting
a magmatic origin. Abundant data from the literature indicate that
these age populations are widely distributed in north Qinling (peak
age �744 Ma), south Qinling (peak age �751 Ma), the Yangtze
plate (peak age �788 Ma), and the South China plate (peak age
�835 Ma; Fig. 12). The age data probably suggest that this zircon
population was derived from those areas. Neoproterozoic rift-
related magmatism in the Qinling and northern Yangtze areas
has been documented by Zhou et al. (1998; 743 ± 12 Ma), Ling
et al. (2001; 785 ± 88 Ma), Lu et al. (2005; 711 ± 11, 723 ± 3,
731 ± 1, and 808 ± 6 Ma), and Li et al. (2003; 808 ± 6 Ma). Collision
between the Yangtze and North China-Qinling-Dabie plates during
the Jurassic resulted in uplift and erosion of older rocks, which pro-
vided detrital sediments to the northern Yangtze foreland basin.

5.2.5. Detrital zircons with ages of 1650–2487 and 1706–2494 Ma
The detrital zircon population with Late Paleoproterozoic ages

(peak ages of �1880, �2480, and �2488 Ma) is abundant in the
NX and GL sandstone samples, accounting for 19% and 43% of total
zircon grains, respectively. Of this Late Paleoproterozic population,
32% of zircon grains show Th/U ratios of less than 0.4, together
with shiny rims in CL images (Fig. 7), possibly indicating a meta-
morphic origin. These age ranges are correlated with a well-
documented series of thermal events that occurred between 1.9
and 1.8 Ga on the South China plate, which is also consistent with
the U-Pb age patterns of detrital zircons from the basement rocks
of the northern Yangtze plate and southern North China plate
(Fig. 12). However, the Yangtze plate was subducted northward
beneath the Qinling-Dabieshan microplate at the same time as
north Qinling was thrust northward onto the North China plate
during the Late Triassic; consequently, the detrital sediments
of the southern North China plate could not reach the Yangtze
foreland basin. The ages of these zircons indicate their derivation
from basement rocks or from recycled materials on the south China
plate. The predominant westward and northwestward paleocur-
rents are consistent with a provenance from the east or southeast.
The source of this zircon group was probably the northern South
China plate (the northern Yangtze plate).

5.2.6. Detrital zircons with ages of 2512–2777 Ma
A small number of zircon grains yield ages of 2512–2777 Ma.

Some of the zircon grains have an igneous origin, and the other a
metamorphic origin. The Neoarchean zircon and Paleoproterozoic
zircon populations correspond with magmatic events identified
in the Kongling Complex and Huangtuling granulites from the
Yangtze plate (Zhang et al., 2006; Liu et al., 2008). The source of
this zircon group was likely located south or southeast of the
northern Yangtze foreland basin. Intensive thrusting in the
Qinling-Dabieshan orogen led to the exhumation of basement
rocks or the recycling of material from the South China plate
(Fig. 12).

6. Discussion

The unroofing history recorded by sandstone composition in the
basin sedimentary sequence provides a useful indicator of the
uplift and erosional evolution of the adjacent orogenic belt
(Hendrix et al., 1996; Hendrix, 2000). Thus, the lithic composition,
petrofacies, ternary plots of sandstone composition data, paleoflow
directions, and detrital zircon LA-ICP-MS age data can provide
insights into the sediment provenance of the northern Yangtze
foreland basin, its significance for the syndepositional basin-
mountain pattern, and certain geological units that existed in the
past but are no longer visible through being modified or covered
by later thrusting and shortening orogenesis following the oblique
collision between the North China-Qinling-Dabieshan and Yangtze
complex plates. During deposition of the Baitianba Formation, the
continental molasse foreland basin started to form. During deposi-
tion of the Qianfoya Formation, meandering river and lake deposits
accumulated. The thicknesses of the Baitianba and Qianfoya forma-
tions indicate that the thrust belts of the peripheral basin did not
create a large tectonic load that contributed to subsidence. An



Fig. 12. Probability density populations of detrital zircons of the Qinling-Dabieshan orogen, southern North China plate, South China plate, and northern Yangtze plate. Age
data are from (a) south Qinling (Zhu et al., 2011; Ping et al., 2013; Qin et al., 2013; Shi et al., 2013); (b) north Qinling (Shi et al., 2009, 2013); (c) the southern North China plate
(Wan et al., 2006; Cui et al., 2011; Shi et al., 2011; Diwu et al., 2012); (d) the South China plate (Xu et al., 2007; Liu et al., 2008; Li et al., 2012; Peng et al., 2012; Wang et al.,
2014); and (e) the northern Yangtze plate (Luo et al., 2014).
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insufficient sediment supply resulted in thick-bedded siltstone and
mudstone units. The Shaximiao Formation contains thickly bed-
ded, braided-river delta successions with a maximum thickness
of 2000 m. Strong tectonic activity in the orogenic belts con-
tributed to flexural subsidence and provided sufficient accommo-
dation space for the deposition of sediments. Furthermore, the
orogen experienced exhumation and provided abundant sediments
to the foreland basin. The Shaximiao Formation was probably
deposited during the main period of basin formation and was a
response to intense thrusting in the adjacent orogenic belts.

Medium- to coarse-grained sandstone with well-developed tab-
ular, wedge, and trough cross- bedding, which formed in the
Lower-Middle Jurassic thickly bedded river-belt, occurs widely in
the northern Yangtze foreland basin. The paleoflow directions in
the Wangcang area (located to the south of Micangshan fold-
thrust belt) and the Huangzhong area (in front of Dabashan fold-
thrust belt) were mostly north-south (Fig. 13), suggesting that
the basin sediments were derived from the Qinling-Dabieshan oro-
gen and/or the Mianlue suture belt. Paleocurrent indicators in the
Lianghekou area, located at the intersection of the Micangshan and
Dabashan, in the Guling and Jiagao sections, and in the Xietan and
Xiakou areas of the Zigui Basin are east-west, southeast-northwest,
and locally southwest-northeast (Fig. 13), indicating that sediment
in the northern Yangtze foreland basin was supplied from geolog-
ical bodies to the west and/or south. The occurrence of two pale-
oflow directions, south-directed transverse flow that was nearly
perpendicular to the northern fold-thrust belt and west-directed
longitudinal flow that was parallel to the direction of basin exten-
sion, is characteristic features of the foreland basin. The northern
foreland fold-thrust belt and backbulge depozone of the Yangtze
foreland basin are potential source areas that provided sedimen-
tary detritus during the Early-Middle Jurassic.

The multiple zircon age populations and the various paleocur-
rent data indicate sediment influx from the north, northeast, east,
and southeast. This observation implies that materials were
derived from the Qinling-Dabieshan orogen and the Mianlue
Fig. 13. Paleocurrent directions and interpreted provenance plotted on the tectonic fr
directions. Paleocurrent directions were measured from well-developed tabular, wedge, a
middle-upper Yangtze foreland basin. WC, Wangcang; LK, Lianghekou; HZ, Huangzhong;
Fig. 1.
suture zone, both of which are consistent with the south- or
southeast-directed paleoflow, and the South China plate, consis-
tent with the west- or northwest-directed paleoflow. Chert and
limestone were derived largely from the currently buried Mianlue
suture, which is referred to as the ‘‘collision suture” in the ternary
diagrams. Andesite, granitoid, and sericite-bearing slate were
probably derived from a recycled orogen or fold-thrust belt, partic-
ularly the Qinling-Dabieshan orogenic belt. Samples from the
lower Middle Jurassic Qianfoya Formation contain major Jurassic,
Permian-Triassic, Paleozoic, and Late Paleoproterozoic zircon pop-
ulations, indicating the Qinling-Dabieshan orogen, Mianlue suture
zone, and South China plate as sources. The samples from the
upper Middle Jurassic Shaoximiao Formation exhibit the same
characteristics as those from the Qianfoya Formation, except for
the occurrence of Neoproterozoic and Neoarchean age groups
and an increase in the influx of Late Paleoproterozoic zircons. This
observation suggests that increased infilling and longitudinal
bypassing of sediments derived from the South China plate
occurred during the Middle Jurassic. Therefore, the Middle Jurassic
northern Yangtze foreland basin was fed longitudinally along the
basin from the eastern source areas; i.e., from the Qinling-
Dabieshan orogen and collisional Mianlue suture to the north,
and from the South China plate to the south.

The think stratigraphic succession of late Middle Jurassic age
may be related to its longer duration of sedimentation; similarly,
the increase in the influx of Neoproterozoic, Late Paleoprotero-
zoic, and Neoarchean zircons suggests that more intense thrust-
ing resulted in the exhumation and erosion of basement rocks.
These inferences all indicate that contractional tectonism during
the Early-Middle Jurassic followed the Middle-Late Triassic
collision-induced orogenesis, which resulted in frequent mag-
matic activity in the source areas, denudation of the sedimentary
cover in south Qinling, and modification or burial of the Mianlue
suture zone, island-arc units, and nonmarine molasse foreland
basin of the northern Yangtze plate during the Middle-Late
Triassic.
amework of the study area. Gray arrows indicate generalized sediment dispersal
nd trough cross-stratifications of Lower-Middle Jurassic sandstone bodies, northern
GL, Guling; JG, Jiagao; XT, Xietan; XK, Xiakou. The other symbols are the same as in
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7. Conclusions

(1) During deposition of the Shaximiao Formation, which con-
sists of thick-bedded deposits, intense tectonic activity in
the southern Qinling-Dabieshan fold-thrust belt resulted in
loading-related subsidence that contributed to the forma-
tion of the foreland basin.

(2) Lithic composition and petrofacies data suggest that the
basin sediments were derived from collision suture, fold-
thrust belt, and recycled orogen. Middle Jurassic sandstone
samples from the northern Yangtze foreland basin yield zir-
con age populations of Jurassic, Permian-Triassic, Paleozoic,
Neoproterozoic, Late Paleoproterozoic, and Neoarchean.
The source areas that fed into the basin were the Mianlue
suture zone, the Qinling-Dabieshan orogenic belt, and the
South China plate. These source areas are consistent with
the two main paleocurrent directions: south- and
southeast-directed lateral paleoflow, and west- and
northwest-directed longitudinal paleoflow.

(3) The Mianlue oceanic basin, magmatic arc, and nonmarine
molasse foreland basin that developed early during the per-
iod of deposition were modified or buried by Jurassic com-
pression between the North China-Qinling-Dabieshan plate
and Yangtze plate, which followed the oblique amalgama-
tion between these plates during the Middle-Late Triassic.
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