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Abstract: The Daqingshan area is located in the Khondalite
belt in the northernmargin of the North China Craton. It has
the best-preserved Mesozoic basin and is an ideal area
for research on Jurassic strata. Sandstones mainly contain
quartz and feldspar, with significantly less debris content.
In addition, petrography and geochemical classifications
have revealed the presence of arkose andwacke. Chondrite-
normalized rare earth element patterns of samples are char-
acterized by the enrichment of light rare elements and the
flat trend toward heavy rare earth elements. Petrography
and source rock discrimination diagrams of geochemical
data suggest the presence of felsic rock and Precambrian
basement in the northern and southern parts of the basin,
which are crucial source areas; however, few mafic mate-
rials occur in the Wudanggou Formation. Tectonic discri-
mination diagrams of geochemical data show that the
source materials were deposited on an active continental
margin and/or continental island arc. Petrological and geo-
chemical data from the Wudanggou Formation and Chan-
ghangou Formation samples suggest that the Yanshan
movement influenced the formation of the Changhangou
Formation.

Keywords: Khondalite belt, Daqingshan area, Jurassic
strata, geochemical, provenance, tectonic setting

1 Introduction

Sedimentary rocks are the only evidence of the ancient
upper crust that might have been removed by erosion,
covered by sedimentary deposits or ice, or buried deep
in the crust. The combination of detrital and geochemical
compositions of sedimentary rocks provides important
information on the characteristics of their provenance
and tectonic setting [1,2]. The basin received sediments
from surrounding orogenic belts, preserving evidence of
orogenic belt elevation, thus reflecting the history of oro-
genic belt erosion [3,4]. Therefore, the study of basins
should be closely linked to that of the orogenic belts.

The North China Craton (NCC) is one of the oldest
continental blocks in the world. The Daqingshan area is
part of the north margin of NCC located in the Khondalite
belt (see Figure 1a). It primarily comprises the northern
Jurassic basin and the southern Daqingshan fold and
thrust system (see Figure 1b). In the last decade, the Yin-
shan area has been extensively investigated in terms of
thrust nappe system [5–9] and lithology [10,11], geo-
chemistry [12–14], and geochronology [15–30] of the Pre-
cambrian basement.

Thenorthernmarginof theNCChas a complexhistory of
tectonicevolutionsince theMesozoic time [5,9].A large-scale
thrust nappe developed in the Daqingshan area during the
Indosinian–Yanshanian epoch [5,9]. An Indosinian thrust
nappe that formed in the Late Triassic–Early Jurassic caused
the crust to undergo strong compression and later tension,
thereby forming the Jurassic Basin [31,32]. The time of origin
of the Daqingshan nappe in Yanshanian is uncertain. Some
researchers suggest that the thrust nappe formed during
125–121Ma [31], whereas others believe that the thrust nappe
formed toward the end of the Middle Jurassic [33,34]. Re-
cently, several researchers have agreed that the age range
of 125–121Ma is correct for the late Yanshanian nappe,
starting before 160Ma [35–38].

The Jurassic basin of the Daqingshan area is the most
well-preserved Mesozoic basin in the Yinshan area, which
is the ideal area for exploring the Jurassic strata. The geo-
chemistry and tectonic setting of the Jurassic strata have
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Figure 1: (a) Location of Daqingshan area in the North China Craton (modified from ref. [39]). (b) Geological map of the study area (modified
from ref. [40]).
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not been studied in detail. The purpose of this study is to
evaluate sandstone petrography and the major and trace
elemental geochemistry of the Jurassic strata to understand
their provenance, tectonic setting, and weathering condi-
tion during Jurassic; the resulting findings will be useful in
reconstructing the palaeogeography of the region.

2 Geological setting

The Precambrian basement in the Daqingshan area pri-
marily contains gneiss, granulite, and granite. Cambrian
and Ordovician strata unconformably overlie basement
rocks in confined areas and mainly comprise erosion-re-
sistant carbonate and minor sandstone, shale, and local
pebbly conglomerate along the unconformity [41]. Per-
mian and Triassic terrigenous clastic rocks are found
south of the basin, and they mainly include purplish-red
fluvial siltstone, sandstone, and conglomerate together
withminor syenite (233± 7 Ma) that intruded thebasement
near the present-day site of Yongfu Village [42].

The Early–Middle Jurassic strata (Wudanggou For-
mation) in the basin were controlled through synchro-
nous normal faulting [31,41]. The Wudanggou Formation
exhibits an unconformable contact with the Precambrian
basement. The Wudanggou Formation mainly crops out
in the western part of the basin (see Figure 1b), with
several more E–W erosional remnants in the southwest
of the Daqingshan range [37]. The lower section of the Wu-
danggou Formation primarily comprises cobble-boulder
conglomerate with a few decimeters to more than 2m, in-
dicating fan deltaic facies. The middle section is mainly an
interbedding of pebbly sandstones and gritrocks. Sand-
stonebedsare typicallymarkedbyerosivebasesand trough
or cross-beddings (see Figure 2b). These changes suggest a
braided river system in the middle Wudanggou Formation,
and the upper Wudanggou Formation dominated by sand-
stones with interbedded silty mudstones shows a shallow-
lacustrine system (see Figure 2). According to regional strati-
graphic correlation and radiometric age controls [31,43–45],
the lower part of theWudanggou Formation is equivalent to
the Xingshikou Formation (198 ± 5Ma) in the Yanshan belt
[46], and the upper part is equivalent to the combined Yon-
dingzhuang and Datong formations (179–171 Ma) in the Tai-
hang Mountains [44,47]. The flora assemblage in the Upper
Wudanggou Formation indicates that the formation is Ear-
ly–Middle Jurassic in age [48].

The Middle Jurassic Changhangou Formation is distrib-
uted in themiddle of the basin. The lower beds are character-
ized by thick-bedded to massive, coarse-grained sandstone

(see Figure 2). Consequently, the sandstone-dominated se-
quence is interpreted tohavebeenabraidedriver system [37].
Both grain size and bed thickness of the sandstone decrease
upward, and the siltstone and mudstone portions represent
shallow and deep parts of a lacustrine system. The upper
section mainly comprises medium- to coarse-grained sand-
stone, with variable large-scale cross-stratifications interca-
latedwithminor thin-bedded siltstone, representing a shore-
shallow-lacustrine system indicative of lake water and mass
recession (see Figure 2). Zircon U–Pb dating of the volcanic
materials from the Changhangou Formation yields an age
of 163.7 ± 1.0Ma [37], suggesting that the Changhangou For-
mation isMiddle Jurassic in age. Thismay indicate a relation-
ship between the deposition of the Changhangou Formation
and the initiation of the Yanshanian nappe in the Daqing-
shan area.

The Daqingshan Formation has a disconformable
contact with the underlying Changhangou Formation
[33]. The lower member of the section mainly includes
unsorted, clast-supported, cobble–pebble conglomerate, in-
tercalated with minor coarse-grained or pebbly sandstone,
representing a proximal alluvial environment. The propor-
tion of siltstone and sandstone gradually increases in the
upper part of the Daqingshan Formation, indicating a rela-
tively distal fluvial system (see Figure 2). Regionally, the
Daqingshan Formation correlates well with the Tuchengzi
Formation in the Yanshan belt. Previous researchers sug-
gested that the geologic age of the Tuchengzi Formation
should be 154–137Ma [49–51].

3 Methods

Sandstone and mudstone samples were collected from

Baicaigou town and Wuchuan city. Twenty-one thin sec-
tions of sandstone were used for modal analysis. We per-
formed a modal analysis of the delegate sandstones

through the Gazzi Dickinson method using more than
300 points per sample. According to this method, mono-
crystalline quartz (Qm), polycrystalline quartz (Qp), pla-
gioclase (Pl), K-feldspar (Kf), lithic fragments (L), and
mica (M) were counted. Petrofacies were classified based
on Folk’s [52]. Samples were selected for geochemical

analysis: 10 siltstone or mudstone samples and 9 sand-
stone samples. All geochemically analyzed samples from

the Wudanggou Formation and Changhangou Formation
are from the Baicaigou section (see Figure 3). Geochemically

analyzed samples from the Daqingshan Formation were
scattered according to outcrop distribution (Figure 1b).
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Bulk chemical analyses of major, trace, and rare earth
elements (REEs) were performed at the Hebei Province
Regional Geology Institute. Major element analysis was
performed using a Phillips PW 1480 X-ray fluorescence
spectrometer (XRF). Total Fe was reported as Fe2O3. Loss
on ignition (LOI) was measured by weighing before and

after 1 h ignition at 1,000°C. Trace elements and REEs
were determined via inductively coupled plasma-mass
spectrometry (ICP-MS). The accuracy of the XRF analyses
was estimated to be better than 1%. Analytical preci-
sion for trace elements and the REEs is generally better
than 5%.

Figure 2: Field photographs of the Jurassic strata in Daqingshan area; (a) cobble-bould conglomerate in lower Wudanggou Formation.
(b) Sandstone beds with cross-beddings. (c) Horizontal bedding occurs in Changhangou Formation. (d) A weathering-denuding surface in
upper Changhangou Formation. (e) Polymictic conglomerates in lower Daqingshan Formation. (f) Thick middle sandstone in Daqingshan
Formation.
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Figure 3: Measured stratigraphic sections from west to east: Erdaogou, Baicaigou, Houshiyangou, Sandaogou, and Deshenggou. See
Figure 1b for sections location. C: conglomerate; S: sandstone; M: mudstone.
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4 Results

4.1 Petrography

Petrographic analyses of sandstones were performed to
determine the sandstone as well as the tectonic and se-
dimentary histories [54]. Petrographic composition and
detrital modes of the Jurassic sandstones are presented
in Table 1.

The sandstones of the Wudanggou Formation com-
prise subrounded to angular, moderately sorted, imma-
ture, medium to coarse sandstones (see Figure 4a and b).
Partial sericitization of plagioclase can be observed in
sample SGX08 (see Figure 4b). The quartz grains are
Qm and Qp, ranging from 35% to 52% and 6% to 15%,
respectively (see Table 1). Feldspar is mainly plagioclase
(18–39%), whereas K-feldspar occurs in minor amounts
ranging from 2 to 18% (see Table 1). Compared with the

Wudanggou Formation, the sandstone from the Chan-
ghangou Formation contains more feldspar (61–67%)
and less quartz (29–36%). The quartz grains are mostly
Qm, and Feldspar is mainly plagioclase. The sandstone
from the Changhangou Formation primarily contains pla-
gioclase (53–64%) and quartz (32–43%). Additionally,
more mica is present in the sandstones from the Daqing-
shan Formation, ranging from 1 to 8% (see Figure 4c).

To classify the studied sandstones according to the
Folk classification [53], quartz (Q), feldspar (F), and total
unstable rock fragment (Lt) were recalculated to 100%
ignoring the cements, matrix, and accessory minerals
(see Table 1). The studied sandstones mainly fall within
the arkose fields (see Figure 5).

5 Geochemistry

5.1 Major elements

Table 2 lists the major element data that reflect the miner-
alogy of the studied samples. SiO2 content and the K2O/
Na2O ratio in samples from the Wudanggou Formation
are greater than those from the Changhangou Formation
and Daqingshan Formation.

The SiO2/Al2O3 ratio reflects the abundance of quartz
as well as clay and feldspar content, and the Na2O/K2O
ratio is an index of chemical maturity [55]; however, the
Fe2O3/K2O ratio enables better classification of arkoses
and measured mineral stability [56]. The geochemical
classification diagram revealed the samples from the Da-
qingshan Formation to be wackes (see Figure 6). The
samples SGX05 and SGX06 from the Changhangou For-
mation are shales and/or mudstones, whereas other sam-
ples are wackes. The samples from the Wudanggou For-
mation are mainly arkose (see Figure 6). This suggests
that the Jurassic sandstones were formed by rapid ero-
sion, transport, and deposition.

5.2 Trace elements

Trace elements (particularly inactive ones) in rocks are
usually well retained in the sediment during weathering
and transportation; thus, the composition and content of
trace elements in the sediments provide an effective way
to trace the characteristics and structural features of the
source rock [57,58].

Table 1: Modal analysis data of Jurassic sandstones in the
Daqingshan area

Sample Qm Qp Pl Kfs L M QFLt (%)

Q F Lt

Daqingshan Formation
SGX01 35 4 53 1 1 6 42 57 1
SGX02 29 2 59 1 1 8 34 65 1
SGX03 38 2 55 2 1 2 41 58 1
P22B 2-1 30 2 59 1 3 5 34 63 3
P22B 5-1 31 1 62 2 2 2 33 65 2
P22B 6-4 29 2 58 2 1 8 34 65 1
P22B 10-1 30 2 64 1 2 1 32 66 2
Changhanhou Formation
P23B 1-1 28 1 65 2 1 3 29 69 2
P23B 2-2 34 2 60 1 3 1 35 61 4
Wudanggou Formation
SGX07 52 6 38 3 1 0 58 41 1
SGX08 48 6 37 8 1 0 54 45 1
SGX09 50 13 18 18 1 0 63 36 1
SGX10 52 8 35 4 1 0 60 39 1
SGX11 39 15 36 6 0 1 54 44 2
SGX12 54 7 32 2 1 2 64 35 1
P18B 5-1 46 7 38 7 2 0 53 45 2
P18B 6-1 44 9 35 11 1 0 53 46 1
P18B 7 49 13 30 7 1 0 60 37 3
P18B 7-3 40 9 35 14 1 1 49 49 1
P18B 7-7 42 8 39 10 1 0 50 49 1
P18B 9-2 35 10 35 18 1 1 45 54 1

Qm = monocrystalline quartz grains; Qp = polycrystalline quartz
grains; Pl = plagioclase; Kfs = K-feldspar; L = lithic fragments;
M = mica; Q = Qm + Qp; F = Pl + Kfs; Lt = total unstable rock
fragments.
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A comparison of these Jurassic sediments with the
average upper continental crust (UCC) [59] reveals that

the concentration of the samples is lower except for Ni,
Cr, and V in samples with the primitive mantle-normal-
ized patterns (see Figure 7) [60]. Distribution curves of
UUC and the samples are similar, indicating that the
source is upper crust rocks.

5.3 Rare earth elements

Trace and REE composition of samples are listed in Table
2. The REE content in our samples ranged from 102.16 to
355.16 ppm with an average of 164.93 ppm, which is less
than the range for Post-Archean Australian Shale (PAAS)
[61] but greater than that of UCC [59]. The ratios of light rare
earth elements (LREEs)/heavy rare earth elements (HREEs)
and (La/Yb)n are 7.51–24.12 and 7.42–35.87, respectively.

In the PAAS – normalized plot, the samples from the
Wudanggou Formation show a gentle pattern with pro-
nounced positive Eu anomalies in contrast with those
of the samples from the Changhangou Formation and

Figure 4: Representative thin-section of the Jurassic clastic rocks under cross-polarized; (a) polycrystalline quartz and K-feldspar grains in
the sandstone of Wudanggou Formation. (b) Plagiocalase grains with calcitization or sercitization in the sandstone of Wudanggou
Formation. (c) Mica grains in the sandstone of Daqingshan Formation. (d) Mudstone with weakly metamorphoic from Changhangou
Formation. Qm = monocrystalline quartz grains; Qp = polycrystalline quartz grains; Pl = plagioclase; Kfs = K-feldspar; Mu = muscovite.

Figure 5: Classification diagram of the studied sandstones (fields
after ref. [53]).
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Daqianshan Formation (see Figure 8b, d and f). The
chondrite-normalized pattern of the samples shows high
LREEs (seeFigure8a, cande). Samples fromtheWudanggou
Formation show pronounced positive Eu anomalies (δEu =
1.23), whereas the samples from the Changhangou Forma-
tion show more pronounced negative Eu anomalies (δEu =
0.67) than the Daqingshan Formation samples (δEu = 0.86)
(see Table 3). Eu is mainly enriched in plagioclase during
magma differentiation but is relatively incompatible with
other minerals [62]. The δEu value indicated that the source
rock of the Changhangou Formation and Daqingshan For-
mation generally tends toward granitic. Rocks and source

rocksof theWudanggouFormationmaybemixedwithmafic
components.

δCe values can reflect the redox environment of sedi-
ments. Ce mainly exists as Ce3+ in the sediments; how-
ever, it is precipitated as Ce4+ in an oxidizing depositional
environment, which is a negative δCe anomaly [62]. The
δCe values of theWudanggou Formation and Changhangou
Formation ranged from 0.86 to 1.08 (see Table 3), reflecting
a weak oxidation or weak reduction environment in the
Early–Middle Jurassic. In contrast, the δCe of the Daqing-
shan Formation ranged from 0.83 to 0.96 (see Table 3),
reflecting an oxidized environment in the late Jurassic.

Table 2: Major element concentrations (wt%) of Jurassic strata in the Daqingshan area

Layer Samples SiO2 Al2O3 Fe2O3 FeO MgO CaO Na2O K2O TiO2 P2O5 MnO LOI Total CIA ICV

Daqingshan
Formation

SGX01 61.73 13.15 2.71 2.07 3.27 4.44 2.36 2.73 0.62 0.21 0.06 6.38 99.73 63.80 1.23
SGX02 60.05 13.47 3.27 2.19 3.78 4.47 2.19 2.92 0.70 0.21 0.07 6.48 99.80 64.90 1.29
SGX03 64.17 13.59 4.14 0.40 3.45 3.28 3.12 2.81 0.61 0.19 0.06 4.01 99.83 61.30 1.28
SGX04 63.59 17.15 4.19 1.15 2.43 0.48 0.26 4.39 0.54 0.08 0.13 5.42 99.81 77.90 0.72
SGL01 65.36 14.95 3.38 1.06 2.46 2.46 1.82 2.60 0.62 0.83 0.07 4.13 99.75 68.50 0.89

Changhangou
Formation

SGX05 11.81 2.76 0.44 2.52 5.84 37.88 0.51 0.58 0.12 0.77 0.47 36.11 99.81 63.30 0.81
SGX06 51.57 18.61 8.43 0.60 2.95 1.67 4.15 2.83 1.09 0.13 0.03 7.76 99.82 69.40 1.13
SGL02 64.94 16.55 3.202 0.98 1.86 1.76 1.13 2.78 0.62 0.11 0.04 5.61 99.58 76.70 0.75
SGL03 53.44 15.68 5.12 1.69 2.65 6.02 0.71 3.28 0.58 0.13 0.16 10.16 99.62 77.50 1.29
SGL04 58.98 17.61 3.74 2.56 2.56 4.84 1.55 2.01 0.25 0.27 0.04 5.07 99.48 77.50 1.01

Wudanggou
Formation

SGX07 77.65 12.68 0.63 0.20 0.08 0.32 1.55 3.31 0.77 0.10 0.01 2.46 99.76 71.00 0.53
SGX08 72.94 11.31 0.79 1.07 0.38 3.30 1.59 3.75 0.24 0.05 0.05 4.29 99.76 62.00 0.89
SGX09 76.84 11.56 2.21 0.48 0.16 0.36 1.84 3.15 0.55 0.12 0.05 2.37 99.69 68.40 0.72
SGX10 78.79 10.16 0.89 0.05 0.07 1.62 1.61 3.70 0.14 0.05 0.09 2.6 99.77 60.00 0.79
SGX11 73.52 11.81 4.84 0.16 0.16 0.59 0.87 3.72 0.47 0.09 0.06 3.45 99.74 70.80 0.90
SGX12 69.07 13.08 3.73 0.80 0.20 2.31 0.54 3.52 0.61 0.02 0.06 5.79 99.73 74.00 0.83
SGL05 74.03 12.60 3.26 0.604 0.48 1.26 1.53 3.13 0.46 0.09 0.06 2.36 99.86 69.20 0.80
SGL06 71.81 14.04 2.66 1.274 0.95 1.19 1.02 3.24 0.51 0.11 0.10 2.87 99.77 73.40 0.68
SGL07 72.93 12.06 2.79 0.991 0.69 1.19 1.66 3.32 0.45 0.08 0.04 3.59 99.79 67.10 0.84

Figure 6: Chemical classification diagrams discriminating according to logarithmic ratio of SiO2/Al2O3 vs Na2O/K2O (a: fields after ref. [55])
and Fe2O3/K2O (b: fields after ref. [56]).
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6 Discussion

6.1 Weathering and sediment recycling

Weathering is controlled by tectonics, climate, and ter-
rain. Rocks during weathering causes the depletion of
alkalis and alkaline earth elements [63]. Therefore, the
major and trace element compositions of clastic sedimen-
tary rocks provide constraints on physical and chemical
weathering as well as sedimentary environment [58].

Feldspar minerals and alkaline silicate minerals in
the rocks of the upper crust often form clay minerals
such as illite and kaolinite under weathering. The un-
stable elemental oxides (CaO, NaO, and K2O) are lost by
weathering, whereas the content of relatively stable ele-
mental oxides (Al2O3) is comparatively increased. The
chemical index of alteration (CIA) [CIA = 100 × Al2O3/
(Al2O3 + CaO* + Na2O + K2O)] reflects the quantity of
weathering in the source area [64], where CaO* is the
amount of CaO incorporated in the silicate mineral and
was obtained herein by following MClennan’s method
[58]. In general, CIA values range from 60 to 77.90 (see
Table 2), indicating a low-moderate degree of chemical
weathering in the source area. The effect of the CIA values
on potassium metasomatism during diagenesis [65] can
be evaluated using an Al2O3–(Na2O + CaO)–K2O diagram
[64], in which weathering trends are parallel to the
Al2O3–(Na2O + CaO) join, and deviations toward the
K2O apex indicate metasomatism [66]. All samples ana-
lyzed herein plot parallel to the Al2O3–(Na2O + CaO) join

(see Figure 9a), suggesting an intermediate degree of
chemical weathering and weakly potassic metasomatism.
All samples analyzed herein plot similar trends for gran-
odiorite, adamellite, and granite, suggesting that the
samples were derived from a felsic source area.

The index of compositional variability (ICV) can be
used to evaluate sediment maturity [66–68]. The ICV can
be calculated using the following equation: ICV = (Fe2O3 +
K2O + Na2O + CaO + MgO + MnO + TiO2)/Al2O3. ICV values
> 1 indicate the existence of few clay minerals in the sedi-
ments and the initial deposition in the active tectonic en-
vironment. ICV values < 1 are related to alteration products
such as kaolinite and illite [69,70] indicating the recycling
of sediments in a passive tectonic environment or first-
cycle sedimentation under high weathering. The ICV va-
lues of the Wudanggou Formation range from 0.53 to 0.90
(avg. 0.78) (see Table 2), suggesting that samples were
dominated by first-cycle sedimentation in weathering.
However, the ICV values of the samples from the Chan-
ghangou Formation and Daqingshan Formation range
from 0.75 to 1.29 (mean = 1.04), indicating the first-cycle
sediment.

U-bearing minerals are easily dissolved during weath-
ering, whereas Th remains relatively insoluble [71,72]. The
Th/U ratios in our study samples (7.03–12.24) (see Table 3)
are higher than the average values for the upper crust (3.8)
[1], suggesting a moderate degree of chemical weathering.
Because weathering and diagenesis often lead to signifi-
cant increase in Rb/Sr ratios [58], the low Rb/Sr ratios of
the samples herein (mean = 0.39) suggest a low-to-mod-
erate level of weathering history.

Hydraulic sorting can significantly influence the che-
mical composition of terrigenous sediments [73–76]. Simi-
larly, SiO2/Al2O3 ratios can be used to understand the tex-
tural maturity of sediments, with high values representing
compositionally matured sediments [77]. The SiO2/Al2O3

ratios for the Daqingshan and Changhangou Formations
vary within 2.77–4.72. In contrast, for the Wudanggou For-
mation, the SiO2/Al2O3 ratios vary within 5.11–7.75, with
the higher ratios signifying the higher compositional ma-
turity of the clastic rocks. A plot of Th/Sc against Zr/Sc can
be used to distinguish the contrasting effects of source
composition and sedimentary processes on the composi-
tion of clastic sedimentary rocks [58]; in such plots (see
Figure 9b), all our study samples plot within the field for
the upper crust. In general, the results indicate that all our
samples are near-source and of low maturity.

Paleoplant fossils are direct evidence of the paleocli-
mate. Magpie and humid-climate plant fossils occur in the
upperWudanggou Formation, reflecting a warm and humid
environment [47]. The Changhangou Formation contains

Figure 7: Primitive mantle – normalized patterns of Jurassic strata in
the Daqingshan area (mantle – normalized values from ref. [60],
average compositions of UCC from ref. [59]).
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fossils of freshwater fish and conchostracans, also re-
flecting a warm and humid climate [37]. The Daqingshan
Formation primarily includes purple clastic rocks that
indicate an arid climate and environment. Mg/Ca ratios
also can be used to indicate the paleoclimate [78]; high
values represent an arid climate, and low values indicate

a wet climate. The Mg/Ca ratios of our samples from the
Daqingshan Formation (0.62–4.2) are greater than the
average of the samples from theWudanggou and Chan-
ghangou Formations (mean = 0.47), suggesting that
the Daqingshan Formation formed in a relatively arid
environment.

Figure 8: Chondrite and PAAS normalized REE patterns of Jurassic strata in the Daqingshan area. (a) REE normalized to chondrite for the
Daqingshan Formation. (b) REE normalized to PAAS for the Daqingshan Formation. (c) REE normalized to chondrite for the Changhangou
Formation. (d) REE normalized to PAAS for the Changhangou Formation. (e) REE normalized to chondrite for the Wudanggou Formation. (f)
REE normalized to PAAS for the Wudanggou Formation. (chondrite-normalized values from ref. [1]; PAAS – normalized values from ref. [61]).
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6.2 Source area

6.2.1 Clastic composition of gravels

The composition of clastic rocks reflects the tectonic set-
ting of a source area and sedimentary basin. The content
of gravel with different components, sizes, and tenden-
cies can be used to distinguish the lithology of the source,
transportation distance, and paleocurrent.

The grain size of detrital materials on the Baicaigou
section in the northern margin of the basin generally ex-
hibited a decreasing trend from boulder conglomerate
(North) to shale (South) (see Figure 3). The dip in imbri-
cated gravel from the Daqingshan Formation on the north
of the basin shows a dominant paleocurrent direction
toward the south [79]. The dip in imbricated gravel and
cross-stratification from the Baicaigou section shows a
dominant paleocurrent direction toward the southwest
[31]. The dip of cross-stratification from the Haimaban
section and Yankeleng outcrop belt in the south of the
basin show a dominant paleocurrent direction toward the
northeast and northwest, respectively [31]. The results
suggest sediment source from the northern and southern
margins of the basin.

Gravel selected from the Jurassic strata was used for
statistical analyses (see Figure 3). The bottom gravel of
the Wudanggou Formation mainly contained gneiss to-
gether with a small amount of pegmatite, granite, and
diabase. The conglomerate composition of the Chan-
ghangou Formation is complex, in which gneiss is the
most abundant, followed by marble, few silicalites, and
quartzite. The gravel composition of the Daqingshan

Formation is mostly gneiss, followed by quartzite and
silicalite. Thus, it can be inferred that the Archaean
gneiss around the basin is one of the main provenance
areas.

6.3 Geochemical

Most femic elements such as Fe, Ti, Mg, Sc, Co, Cr, Ni,
and V in addition to small ionic elements such as Na, Ca,
and Sr are enriched in basic rocks and their weathered
products, whereas elements such as K, Rb, Pb, and REEs
as well as high valence ions such as Th, U, Zr, and Nb are
more enriched in felsic rocks and their weathered products
[58]. The La/Sc, Th/Sc, La/Co, Th/Co, and Th/Cr ratios are
particularly sensitive to the average source composition
[1]. Some significant differences in elemental ratio popula-
tions from different areas exist, suggesting some local con-
trol of source rocks on sediment composition. The variable
ratio suggests mainly the sediments of Jurassic sandstones
originated from felsic sources (see Table 4).

Ni (ppm) vs TiO2 (wt%) indicates that the analyzed
samples plot predominantly to the field of felsic area
rather than those of mafic igneous or sedimentary origin
(see Figure 10a) [80]. On the plot of La/Sc vs Co/Th (see
Figure 10b), the Co/Th ratios of all studied samples are
nearly 1.27 and close to those of felsic volcanic rocks [1].
Floyd and Leveridge established a discrimination dia-
gram using La/Th vs Hf (see Figure 10c) to determine
different arc components and sources [81]. Uniform low
La/Th ratios and Hf contents of samples from the Chan-
ghangou and Daqingshan Formations suggest derivation,

Figure 9: (a) A–CN–K ternary diagram of molecular proportions of Al2O3–(CaO + Na2O)–K2O for Jurassic sedimentary rock (fields after ref.
[64]). Also plotted is the average continental crust [1]. Arrows 1–5 represent the weathering trends of gabbro, tonalite, granodiorite,
adamellite and granite, respectively [64]. (b) Th/Sc vs Zr/Sc bivariate plot of Jurassic sedimentary rock (fields after ref. [58]).
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predominantly from a felsic arc source, whereas the sam-
ples from theWudanggou Formation were controlled by a
mixed felsic and mafic source.

REEs exhibit similar chemical properties, mainly con-
trolled by the rock components in the source area and are
weakly affected by weathering, diagenesis, and alteration;
in addition, they can reflect the REE characteristics of the
source rocks [1,64]. The relationship between the La/Yb
ratio and ∑REE content can reflect the genetic character-
istics of rock types [58]. The La/Yb–∑REE diagram (see
Figure 10d) shows that most samples plot to the sedimen-
tary rock area and sedimentary rock–granite overlap area

in addition to few plots in the granite area, indicating that
the basin source mainly originates from the upper crust
felsic source area.

6.4 Tectonic setting

The geochemical characteristics of sediments are closely
related to their provenance and tectonic setting. The geo-
chemical composition of the sedimentary rocks is formed
under different tectonic settings. Although some estab-
lished discrimination diagrams are not really significant

Table 4: Range of elemental ratios of samples compared with ratios in similar fractions derived from felsic and mafic rocks and UCC [1]

Daqingshan Fm. Changhangou Fm. Wudanggou Fm. Sediments from
felsic source

Sediments from
mafic source

Upper continent
crust

La/Sc 2.29–3.66 1.76–5.47 2.66–4.81 2.50–16.3 0.43–0.86 2.21
Th/Sc 0.72–2.59 0.71–1.53 0.40–0.84 0.84–20.5 0.05–0.22 0.79
La/Co 1.62–4.20 1.35–3.62 2.46–6.20 1.80–13.8 0.14–0.38 1.76
Th/Co 0.55–2.65 0.65–1.37 0.26–1.40 0.67–19.4 0.04–1.40 0.63
Th/Cr 0.16–0.49 0.09–0.45 0.08–0.18 0.067–4.0 0.002–0.045 0.13

Figure 10: Source rock discrimination diagrams with trace elements for Jurassic strata in the Daqingshan area. (a) TiO2 vs Ni diagram (fields
after ref. [82]); (b) Co/Th vs La/Sc diagram (fields after ref. [83]); (c) La/Th vs Hf diagram (fields after ref. [81]); (d) La/Yb vs ∑REE diagram
(fields after ref. [81]). Average compositions of volcanic rocks in plot (b) from ref. [84]).
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for specific local plate tectonic settings [85], the geo-
chemical compositions of sediments have been widely
used to infer the plate tectonic setting of ancient sedi-
mentary basins [1,56,86,87].

Comparison between the distribution curve of chon-
drite normalized to the REE average value and four ty-
pical tectonic backgrounds [88] shows that the source
area exhibited similar continental island arc and/or ac-
tive continental margin tectonic setting (see Figure 11a).

Bhatia developed useful and effective discriminant
functions to infer tectonic settings [88]. All samples
from the Wudangghou Formation plot in the active con-
tinental margin, whereas the samples from the Chan-
ghangou and Daqingshan Formations mainly plot in
the continental island arc and active continental margin
(see Figure 11b). Roser and Korsem used the K2O/Na2O vs
SiO2 to resolve the tectonic setting of clastic sedimentary
rocks [85]. SiO2 and K2O/Na2O increase from the volcanic

arc to the active continental margin to the passive margin
situation. All samples from the Wudangghou Formation
fall into the passive continental margin field, whereas the
samples from the Changhangou and Daqingshan Forma-
tions mainly fall into the passive and active continental
margin (see Figure 11c). On a plot of K2O/Na2O vs SiO2/
Al2O3 (see Figure 11d), samples from the Wudangghou
Formation fall into the field of a passive continental
margin, in contrast, the samples from the Changhangou
and Daqingshan Formations mainly fall into the passive
and active continental margins.

Some trace elements in sediments are inactive and
exhibit slight changes during the deposition process. The
source rock and weathering conditions are the main fac-
tors controlling the trace elements in the sediments.
Some of these elements can reflect the tectonic setting
of the sedimentary basin [2]. La, Th, Zr, Nb, Y, Sc, Co,
and Ti are highly effective for distinguishing different

Figure 11: (a) Comparison diagram of chondrite-normalized REE patterns of Jurassic strata in the Daqingshan area and various tectonic
setting (fields after ref. [89]); (b) discriminant function diagram (fields after ref. [89]); (c) K2O/Na2O vs SiO2 diagram (fields after ref. [85]);
(d) Si02/Al2O3 vs K2O/Na2O diagram (fields after ref. [90]). ACM = active continental margin; PM = passive continental margin; CIA =
continental island arc; OIA = oceanic island arc; A1 = evolved arc setting, with supply of felsic–plutonic detritus; A2 = arc setting, with
supply of basaltic and andesitic detritus discriminant functions are: Df1 = −0.0447 × SiO2 − 0.972 × TiO2 + 0.008 × Al2O3 + 0.267 × Fe2O3 +
0.208 × FeO − 3.082 ×MnO + 0.14 ×MgO + 0.195 × CaO + 0.719 × Na2O − 0.032 × K2O + 7.510 × P2O5 + 0.303; Df2 = −0.421 × SiO2 + 1.988 ×
TiO2 − 0.526 × Al2O3 − 0.551 × Fe2O3 − 1.61 × FeO + 2.72 × MnO + 0.881 × MgO − 0.90 × CaO − 0.177 × Na2O − 1.84 × K2O + 7.244 ×
P2O5 + 43.57.
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tectonic settings [57]. Co, Sc, and Zr exhibit good stability. Sc
and Co are compatible elements, demonstrating a good cor-
relation, representing the immature tectonic background.
The large ion lithophile element Th represents the immature
tectonic background, and Zr indicates sedimentation degree
[57]. Th–Sc–Zr/10, Th–Co–Zr/10, and La–Th–Sc discrimi-
nant diagrams show that most of the samples plot to the
continental island arc field, few plot to the active continent
margin, and some samples plot to the blank area around the
continental island arc and active continent margin [50]. In
general, source regionsmainly exhibit continental islandarc
and/or active continental margins (see Figure 12). Tectonic
setting discriminant diagrams based on the major element
are different from those of the trace elements and REEs. K2O
and Na2O are easily lost during weathering, whereas REEs
and Th, Co, and Zr are relatively stable. Comprehensive ana-
lysis suggests that the source rock is mainly from active
continental margins and continental island arc. This further

suggests that the sampleswere derived fromcomplex source
regions.

The northern margin of the NCC has experienced a
history of continental margin evolution on the south side
of the Ancient Asian Ocean from Neoarchean to Late
Paleozoic [51,91,92]. U–Pb dating of zircons revealedmul-
tiplemagmatic age peaks at ca. 2,450–2,500, 2,100–2,300,
1,930–1,970, and 1,850Ma, and metamorphic ages at ca.
1,900Ma, indicatingmultiplemagmatic andmetamorphic
events in the Daqingshan–Wulashan area [27,93]. The
Khondalite belt underwent long-term arc – continent ac-
cretion along the southern margin of the Yinshan Block
during the late Neoarchean–Paleoproterozoic, and term-
inal continent – continent collision of the Yinshan and
Ordos Blocks at ca. 1.90–1.95 Ga [20,25–27,94,95]. There-
fore, we infer that the Archean–Proterozoic basement pro-
vided continental island arc material for the basin. The
Early Paleozoic Bainaimiao arc belt was built on a

Figure 12: Tectonic setting discrimination diagrams with trace elements for the Jurassic strata in the Daqingshan area (fields after ref. [57]).
(a) Th–Sc–Zr/10 plots; (b) Th–Co–Zr/10 plots; (c) La–Th–Zr/10 plots. OIA = oceanic island arc; CIA = continental island arc; ACM = active
continental margin; PM = passive margin.
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Precambrian microcontinent that has a tectonic affinity to
the Tarim or Yangtze Cratons and was accreted to the
northern NCC during the Late Silurian–Early Devonian
by arc–continent collision [96]. The northern margin of
the NCC has changed from passive to active continental
margin. Additionally, massive I-type intrusion and vol-
canism during Carboniferous–Permian time indicates that
the northern margin of the NCC is an Andean-type active
continental margin and the locus of southward subduction
of the Paleo-Asian oceanic plate beneath the northern
NCC [97,98].We infer thatCarboniferous–Permianvolcanic
rocks have provided material for the basin’s active conti-
nental margins.

7 Conclusion

The following are the conclusions drawn from the field
interaction, petrography, and geochemistry studies of the
samples:

The average modal composition classifies the samples
as wacke or arkose and is also supported by geochemical
studies. The Jurassic strata generally exhibit a low-to-
medium degree of weathering, with near source and low
maturity. The Wudanggou and Changhangou Formations
areas exhibit a warm and humid environment, whereas the
DaqingshanFormation showedanacidic environment. The
chondrite-normalized pattern of the samples shows high
LREE content. Samples from the Wudanggou Formation
show pronounced positive Eu anomalies, and samples
from the Changhangou and Daqingshan Formations ex-
hibit pronounced negative Eu anomalies.

Petrographic and geochemical data obtained from
the studied samples indicate that felsic volcanic rocks
and the Precambrian basement were the most important
source rock for all samples; however, few mafic materials
may have been contributed to theWudanggou Formation.
The geochemical information interpretation on various
diagrams reveals the source material to be from the active
continent margin and continental island arc settings.
The Archean–Proterozoic basement provides material for
the basin as continental island arc, and Carboniferou–
Permian volcanic rocks provide material for the basin as
active continental margins.

The Changhangou Formation unconformably overlies
theWudanggou Formation andwith different petrological
and geochemical, source areas, and tectonic settings. This
shows that the Yanshanian movement influenced the for-
mationof theChanghangou formationand the initiationof

the Yanshanian movement should be earlier than 163.7 ±
1.0 Ma, rather than the end of the Middle Jurassic.
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