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During the Late Triassic, the southern margin of the Ordos Basin was influenced by the
Indosinian Movement, in response to closure of the Paleo-Tethys Ocean. Thinly bedded
tuff layers are exposed near the base of the Middle–Upper Triassic formations (Chang 8/7/
6 members) in the Ordos Basin. Tuff samples from drilling core (well An-35) and outcrop
(Motiangou section) samples in the Yanchang Formation were studied by the detailed field
work. Igneous zircon crystals were picked and analyzed by the instruments of
cathodoluminescence and laser ablation inductively coupled plasma mass
spectrometery (LA-ICP-MS). The timing of volcanic activity was determined by means
of high-precision zircon age. Combining tectonic setting and paleogeographic reconstruct,
the ages of tuff layers indicate that volcanic activities occurred at three peaks (241.6 ±
1.1 Ma, 240.2 ± 1.1 Ma, and 233.5 ± 1.2 Ma) from the top of Chang 8 Member to the
Chang 7 Member. The results implied that the volcanic activities lasted from Ladinian to
Carnian, as well as define the sedimentary duration of the Chang 7 Member with a
deposition rate of 1.34 cm/ka.
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INTRODUCTION

The Late Triassic tuff layers recorded the volcanic activities in the Ordos Basin (Meng and Zhang, 2015;
Yang et al., 2017). Intense orogeny during the Indosinian period led to massive volcanic activity in the
Qinling orogenic belt (Zhang et al., 2014; Zhang et al., 2017). The IndosinianMovement led convergence
between the Yangtze Plate and North China Plate in a scissor style (Zhao et al., 1992), and closure of the
Paleo-Tethys Ocean (Mianlue suture) (Jiang et al., 1992). This orogenic event had a profound impact on
the structure and sedimentary pattern of the Ordos Basin. The Indosinian Movement results in the
transformation from marine to continental sedimentation in the Ordos Basin (Ma et al., 1993).

A set of tuff layers arewidely found in theUpper Triassic formations of theOrdos Basin (Chang 8/Chang
7 members), which recorded the synchronous tectonic–magmatic events of the Qinling orogenic belt
(Zhang et al., 2009; Qiu et al., 2014; Deng et al., 2018; Xu et al., 2019). Through the study of the tuff layers, it
also helps to understand the process of sedimentation in the Ordos Basin, especially the sedimentary
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duration of Chang 7 Member. The eruption age and source of the
tuff layers at the bottom of theUpper Triassic formations are of great
significance for the study of the sedimentation of the basin and
surrounding orogenesis. The stratigraphic age of Chang 7Member is
quite controversial, previous studies of paleontology considered it to
Ladinian—Carnian in age (Wu et al., 2001; Li et al., 2008). Volcanic
zircons from tuff layers from the Chang 7 Member have been tested
by various U/Pb methods. The igneous U–Pb zircon crystallization
ages are between 241.3 ± 2.4 and 234.3 ± 2.8Ma in the lower section
of Chang 7 Member, and 228.2 ± 2.08Ma in the upper section (Liu
et al., 2013; Yang and Deng, 2013; Zhang et al., 2014; Deng et al.,
2018; Zhu andCui, 2019). A young age (222.2 ± 2.1Ma) at the top of
Chang 7 Member was reported according to LA-ICP-MS analysis
(Yang andDeng, 2013). Furthermore, biostratigraphic and ID-TIMS
ages suggested that the lower section of Chang 7 Member was
deposited since the Middle Triassic (Deng et al., 2008; Zhu and Cui,
2019). U–Pb ages of volcanic zircons in the upper section of Chang
7 Member are between 234 Ma and 236 Ma (Sun et al., 2020). A
recent CA-ID-TIMS dating (240.95 ± 0.03 Ma) was obtained

on tuff layers in the lower section of Chang 7 Member (Jin
et al., 2021). Even with the abundant data of the study area, the
ages of initial volcanic activities are still in debate. To have
better age constraints on the initiation of volcanic activity, tuff
layers within Chang 7 and 8 members were collected from the
outcrop and drilling core. Furthermore, the volcanic activities
in the Qinling orogenic belt and sedimentation of Chang
7 Member are verified and calibrated.

GEOLOGIC SETTING

Tectonic Background in the Ordos Basin
Since the Middle Triassic, the whole Asian region experienced the
closure of the Paleo-Tethys Ocean basin due to the initial Indosinian
Movement. The South China block gradually converged with the
North China Plate in the north and the Gondwana block group in
the west, resulting in the Qinling–Dabie–Sulu orogenic belts (Deng
et al., 2008; Wang et al., 2010; Chen et al., 2011).

FIGURE 1 |Geographical and geological location of the Ordos Basin during the Middle–Late Triassic. (A)Middle Triassic paleogeographic map indicates the study
locations (The base map is modified from Scotese (2014); Zhang et al. (2019). (B) Preserved boundary of the Ordos Basin and sedimentary facies distribution of the
Yanchang Formation (modified from Zou et al., 2012; Yang and Deng, 2013; Yang et al., 2017; Zhang et al., 2019; Sun et al., 2020). The map also shows the orogenic
belts around the basin. The position of the studied well (An-35) and outcrop (MTG) are indicated by a red circle and star. (C) Lithology and division of the Yanchang
Formation (Zhang et al., 2019).
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The Ordos Basin is a craton basin with an area of
approximately 38 × 104 km2 (Yang and Deng, 2013). The
stratigraphic sequence thickness is about 4–5 km, which
deposits from the Proterozoic to the Cenozoic (Zou et al.,
2012). The Ordos Basin was in the low-latitude region (about
30°N) with a temperate to subtropical climate in the
Middle–Late Triassic (Figure 1, Ji et al., 2010). After the
collision between the Yangtze Plate and the North China
Plate (Xie and Heller, 2013; Dong et al., 2015), the southern
margin of the basin evolved into a depression and formed a
deep lacustrine sedimentation.

Sedimentation of the Ordos Basin
The Yanchang Formation is a significant oil-bearing sequence,
including delta, fluvial, and lacustrine facies, which deposits from
theMiddle Triassic to the Late Triassic. It consists of 10members, with
numbers of Chang 1 to Chang 10 upward, according to rock
assemblages (Sun and Dong, 2019a; Sun and Dong, 2019b; Sun
and Dong, 2020). A series of tuff layers were found in the
Yanchang Formation (Figure 2, outcrop and drill core). The

Chang 7–10 members were mainly deposited in the Middle
Triassic, while the Chang 1–6 members were formed in the Late
Triassic. The lacustrine deposition reached the largest area in the
Chang 7 Member (Ji et al., 2010), which was caused by the rapid
depression of the basement (Yang and Deng, 2013).

The trend of decreasing thickness of tuff layers toward the
north in the Yanchang Formation suggests that the volcanic
activity originated in the south of the Ordos Basin since the
Middle Triassic (Qiu et al., 2014). According to geochemical
characteristics, the composition of tuff layers is mostly andesitic
and rhyolitic (Qiu et al., 2014). It suggests that the tuffs were
sourced from eruption of calc-alkaline volcanic arc in the Qinling
orogenic belt (Qiu et al., 2014).

MATERIALS AND METHODS

Sampling and Stratigraphy
We collected one sample (MTG-1) from the outcrop and two
samples (An-2, An-3) from well An-35 (Table 1, Figure 2). From

FIGURE 2 | Lithology and division of the Chang 7 and Chang 8 members. (A) Lithology of the well An-35 (this study). (B) Lithology of the well Z40 (Jin et al., 2021).
(C) Lithology of the outcrop MTG (this study). (D) Lithology of the outcrop YM (Sun et al., 2020). (E) Location of mentioned wells and outcrops.
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the perspective of biostratigraphy, previous researchers have
carried out detailed profile studies on the Yanchang Formation
(Zhang et al., 2019; Sun et al., 2020). Several sets of tuff layers are
found at the boundary of the Middle–Upper Triassic, which
interbeds in the dark oil shale (Zhang et al., 2019).

The studied core is collected fromwell An-35 inDingbianCounty,
Shanxi Province, North China. The thickness of drilling core strata is
99.87m between the lower section of Chang 6 Member and upper
section of Chang 8 (Figure 3B). The drilling core of this well contains
a series of tuff layers which are suitable for geochronological analysis.
The whole drilling core is composed of three units. In the descending
order, unit 1 (boundary of Chang 7/6 members) is dominated by tuff
layers, black, silty mudstone, and fine sandstone. Unit 2 (middle of
Chang 7 Member) consists of dark, laminated mudstone and thick
sandstone. Unit 3 (boundary of Chang 8/7 members) includes
organic-rich oil shale, fine sandstone, and tuff layers. Notably, the
thick tuff layers interbed among the Chang 7 Member (from top to
bottom).

The studied outcrop is located at the Motiangou (MTG)
section in the Tongchuan area, Shanxi Province, North China.

The whole profile is 41.52 m from the Chang 7 Member to Chang
8 Member (Figure 3A). The measured section preserves several
tuff layer records, which were collected for zircon isotopic
analyses. The whole profile is lithostratigraphically divided
into two parts. The upper part is Chang 7 Member, which
consisted of black oil shale and black mudstone and fine
sandstone interbeds. The underlying Chang 8 Member is
composed of gray, laminated mudstone, dark silty shale, and a
set of thick fine sandstone. Notably, there are several tuff layers
interbedded along the profile.

Zircon U–Pb Dating
Magmatic zircon was extracted from bulk samples with heavy
liquid and magnetic separation in Chengxin Technology Co., Ltd.
in Hebei Province, China. More than 300 grains were selected
from three samples and embedded in epoxy resin and imaged by
cathodoluminescence (CL) to locate the appropriate analysis
points in the zircon oscillation zone. The LA-ICP-MS dating
was performed by Wuhan Sample Solution Analysis Technology
Co., Ltd., Wuhan, China with a GeolasPro laser ablation system
(COMPexPro 102 ArF excimer laser). An Agilent 7700e ICP-MS
instrument was used to acquire ion signal intensities. Helium is
used as the carrier gas. In this study, the size of the laser spot was
30 μm. The external standard is zircon 91,500 for U–Pb dating
and glass NIST610 for trace element calibration. The background
acquisition was 15 s in each analysis, and 25–35 s for sample data
acquisition. The ICPMSDataCal 10.7 was used for trace element
analysis and U–Pb dating (Liu et al., 2010) with the
ComPbCorr#3.18 program for lead correction (Andersen,
2002). The ISOPLOT 3.75 program was used for probability
density distributions (Ludwig, 2012).

RESULTS AND DISCUSSION

Results of Zircon Dating
A total of 77 zircon grains from three samples were analyzed, and
52 grains yielded concordant ages. The rest zircons show
discordant ages (discordances > 10%) and excluded from
future interpretation (detail in supplementary). As evident
from cathodoluminescence pictures (Figure 4), the volcanic
zircons from the three samples are mostly prismatic fragments
or euhedral crystals. Most of the grains are well-developed
oscillatory zoning. The lengths of grains are between ~80 and
~270 μm. These internal features of zircon indicate a magmatic
origin (Rubatto and Gebauer, 2000). Furthermore, the Th/U ratio
of detrital zircons (Figure 5), most of them are magmatic zircons
(>0.4), and few are metamorphic zircons (<0.1).

TABLE 1 | Location of samples in the Ordos Basin.

Sample Area Type Latitude Longitude Altitude/depth (m)

MTG-1 Tongchuan, Shanxi Outcrop 35°11′01"N 108°51′14"E 1206
An-2 Dingbian, Shanxi Well An-35 37°28′56"N 108°04′24"E 2507a

An-3 Dingbian, Shanxi Well An-35 37°28′56"N 108°04′24"E 2417a

aThe depth is below the sea level.

FIGURE 3 | Pictures shows the Yanchang Formation. (A) Tuff layers of
the outcrop MTG; (B) tuff layers of the well An 35.
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The age distribution of igneous zircons of sample An-3 shows a
large dominant 238U/206 Pb age group (n = 14) between 229.2 ±
2.6Ma and 236.9 ± 2.3Ma, the weighted mean age is 233.5 ± 1.2Ma
(0.52%, 95% conf.,MSWD=0.92, probability = 0.54, Figure 6A). The
age distribution of igneous zircons of sample An-2 shows a large
dominant 238U/206 Pb age group (n = 19) from 237.8 ± 2.0Ma to
241.7 ± 2.2Ma, the weightedmean age is 240.2 ± 1.1Ma (0.44%, 95%
conf., MSWD = 0.23, probability = 1.000, Figure 6B). The age
distribution of igneous zircons of sample MTG-1 shows a large
dominant 238U/206 Pb age group (n = 17) between 238.2 ± 3.8Ma
and 243.9 ± 2.0Ma, the weighted mean age is 241.6 ± 1.1Ma

(Figure 6C). All U–Pb data are presented in Supplementary
Table S1.

The Boundary of Chang 7 and Chang
8 Members
The Yanchang Formation includes 10 members (Chang 10 to
Chang 1, toward top), and a set of tuff layers were inserted in the
Chang 8–6 Members. On the issue of the depositional age of the
members, some scholars believe that the whole set of strata
belongs to the Upper Triassic (Xi et al., 2020), some scholars
believe that the lower section belongs to the Middle Triassic
(Chang 7–10members), and the upper section belongs to the Late
Triassic (Chang 1–6 members, Yang, 2002; Deng et al., 2008).
Based on sporopollen assemblage and petrology, it is suggested
that the oil shale layers in the lower part of Chang 7 Member are
marked as the transition from Middle Triassic to Upper Triassic
(Deng et al., 2008). The lake level of the Ordos Basin rose to a
maximum depth during the sedimentation (Zhang et al., 2019),
which was mainly driven by the rapid uplift of the Qinling Belt.

The weighted average ages of three samples in this study are
uniform, and close to the depositional age of the stratum. It can be
considered as the product of contemporary magmatic activity. The
volcanic ages of three samples are consistent with the ages of igneous
zircons as commonly observed in the Chang 7 and Chang
8 members (Wang et al., 2014; Zhang et al., 2014; Wang et al.,
2017; Deng et al., 2018; Liu et al., 2018; Zhu and Cui, 2019; Sun et al.,
2020; Jin et al., 2021). According to the detailed study of stratigraphy
and paleontology, the sample An-2 was located at the bottom of
Chang 7 Member and the MTG-1 was sampled at the top of Chang
8 Member. The age range of these two samples (241.6–240.2Ma) is
interpreted as the boundary of Chang 7 and Chang 8 members.

FIGURE 4 | Cathodoluminescence images of volcanic zircon in tuff layer of Yanchang Formation. The red circle represents the position of dating spot.

FIGURE 5 | Th/U ratios of volcanic zircon versus U–Pb ages of the
Yanchang Formation.
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Sedimentary Duration of Chang 7 Member
The sedimentary duration of Chang 7 Member is a significant
basis for defining the initial evolution of the Ordos Basin. The key
point of this study is the identification and analysis of tuff layers
of Chang 7 Member from top to bottom.

The lowermost tuff interlayer in Chang 7 Member of
Yanchang Formation has been reported in the whole Ordos

Basin, and it is the key layer for stratigraphic subdivision and
correlation. The tuff layers have been dated by variable methods
and produced ages between 226.5 Ma and 241.6 Ma, spanning
between theMiddle Triassic and the Late Triassic (Figure 7). This
variability may be due to the fact that those tuff layers from the
upper and lower section of the Chang 7 Member were collected
separately and not comparable (Sun et al., 2020). Based on a

FIGURE 6 | Left: U–Pb concordia ages, right: weighted mean age diagram of igneous zircon from three samples in the Yanchang 8–6 members. Only concordant
ages are considered (>90%). (A) Sample An-3; (B) Sample An-2; (C) Sample MTG-1.
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detailed study of the well An-35, two samples were collected in the
Chang 7 Member of one drilling core. The zircon ages indicated
that the sedimentary duration of the Chang 7 Member lasted
between 240.2 ± 1.1 Ma and 233.5 ± 1.2 Ma.

The new age determination allows for correcting the sediment
accumulation rates that had been previously estimated for the
Chang 7 Member. The distance between these two samples is

90 m (2417–2507 m). According to the age data of tuff layers, the
deposition interval is about 6.7 ± 1.2 Ma, and the average
deposition rate of the Chang 7 Member is calculated to be
1.34 cm/ka. Based on the Milankovitch cycle theory, previous
researchers calculated the average deposition rate of the Chang
7 Member to be 1.31 cm/ka by using the Th curve (Yuan et al.,
2016). The deposition rates of the Chang 7 Member calculated by

FIGURE 7 | Compilation of volcanic zircon U–Pb ages compared with geochronological data of the other contemporary sediments and basement rocks (The blue
star/square/column represent the published igneous zircon age and error) (Wang et al., 2014; Zhang et al., 2014; Wang et al., 2017; Deng et al., 2018; Liu et al., 2018;
Zhu and Cui, 2019; Sun et al., 2020).

FIGURE 8 | Pictorial illustration of paleogeographic reconstruction for the Ordos Basin and surrounding areas during the Late Triassic (not to scale). NCP: North
China Plate; SQL: south Qinling orogenic belt; NQL: north Qinling orogenic belt; NCC: North China Continent; ALB: Alxa block; LLU: Lvliang Uplift (modified after Dong
et al., 2015; Zhang et al., 2019; Sun et al., 2019a).
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the cyclostratigraphic method are between 0.9 cm/kyr and
2.1 cm/kyr (Chen et al., 2019; Zhang et al., 2019). Therefore, it
suggests that the deposition rate in the Chang 7 Member is
centered at 1–2 cm/ka.

Initial Indosinian Movement in the Ordos
Basin
The Qinling orogenic belt and the Ordos Basin are causally related
positive and negative tectonic units under the same dynamic
mechanism, both controlled by the multi-cycle Indosinian
Movement. Tuff layers of Chang 7 Member are sedimentary
records of the volcanic activities in the Qinling orogenic belt.
By studying ages of tuff layers, the whole process of volcanic
activity in the Qinling Belt is verified and calibrated. The tuff layer
ages of sample MTG-1 are not only consistent with the igneous
zircons as commonly observed in the Ordos Basin, but also agree
with the contemporary magmatic activity (Granite, 245–235Ma)
during the collision of orogeny in the Qinling Belt (Huang et al.,
2013; Wang et al., 2019). Furthermore, the zircon age group of the
tuff layer in the sample An-2 also matches with the time of tectonic
events occurred in the Alxa Massif (Sun et al., 2019a). It indicates
that these volcanic zircons were probably sourced from the Triassic
magmatic rocks and mafic dykes in the western Alxa Massif
(244–239Ma, Shi et al., 2014).

The Indosinian Movement is of great significance in the
history of tectonic evolution in China. The Qinling–Dabie
orogenic belt was formed through the convergence and
splicing of the North China Plate and the Yangtze Plate
(Dong et al., 2015). At this time, the North China Craton on
the north side of the Qinling Mountains gradually shrank, and
the Ordos Basin began to form (Deng et al., 2008). The
predecessors have performed a lot of work on the
characteristics of the Indosinian tectonic activity in the
Qinling orogenic belt. Deng et al. (2018) estimated the age at
the bottom of the extended group is close to 237 Ma. It
corresponds to the beginning of the Indosinian Movement in
the Qinling orogenic belt. Zhang et al. (2017) reported that the
zircon age of the tuff layer at the bottom of the Chang 7 Member
is 239.8 ± 2.0 Ma, and the tectonic activity corresponds to the
initial stage of the Indosinian Movement. It is adjacent to the
Qinling structural belt. According to this research, the initial
time of the Indosinian Movement is about 241.6 ± 1.1 Ma and
keeping activity till 233.5 ± 1.2 Ma.

To sum up, the final collision between the Yangtze and
North China during the Indosinian Movement resulted in the
closure of the Mianlue Ocean Basin (northern branch of the
Paleo-Tethys Ocean), and the orogenic uplift of the western
Qinling area (Dong et al., 2004). The southern part of the
Ordos area is strongly compressed by the Qinling orogens,
and the northern part is blocked by the Alxa–Yinshan block
(Deng et al., 2013). Furthermore, the initial activity stage of
the Indosinian Movement increased the extent of the basin
depression, and, with black shale and oil shale developed in
the deep or semi-deep lake. At the same time, due to the
compression of southern stress and the influence of volcanic
activity, the northeast wing of the Ordos Basin is wide and

gentle, and the southwest wing is steeply inclined. Alluvial fan
and fan delta depositional systems develop in the west and
southwest margins, and the deposition center is located in the
southwest of the basin (Figure 8).

CONCLUSION

Based on the field geological survey and laboratory testing, this
research indicates that volcanic activities in the Ordos Basin
during the Middle–Late Triassic were recorded from 241.6 Ma
to 233.5 Ma. The results suggest that the Indosinian Movement
lasted from late Ladinian to early Nornian in the Qinling orogenic
belt. The boundary between Middle Chang 8 and Chang
7 members are also defined in the Ladinian. The sedimentary
duration of the Chang 7Member lasted from Ladinian to Carnian
with a slow deposition rate.
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