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A B S T R A C T   

The Qiangtang Basin is the largest Mesozoic marine hydrocarbon-bearing basin in China. Investigating its tec-
tonic and sedimentary evolution is therefore relevant for hydrocarbon exploration. Here we present a detailed 
stratigraphic and sedimentological analysis of five Jurassic stratigraphic sections in the North Qiangtang Basin. 
Nineteen facies associations were identified and allowed us to reconstruct changes of water-depth. The North 
Qiangtang Basin experienced two transgressive-regressive cycles during the Jurassic. The first cycle started in the 
mid-Jurassic (Bajocian-Bathonian), with braided-river and floodplain sediments passing up-section to tidal flat 
and eventually inner-to mid-ramp deposits. Tidal-flat deposition resumed during the Callovian. The second cycle 
began in the Late Jurassic (Oxfordian) with transgressive inner-to mid-ramp sediments followed by a shallowing- 
upward trend during the late Oxfordian, leading again to tidal-flat sedimentation in the Kimmeridgian-Tithonian. 
Petrographic analysis and detrital-zircon geochronology indicate provenance constantly from the Hoh Xil- 
Songpan Ganzi terrane, Kunlun arc, and central Qiangtang. Because Jurassic magmatic activity and active 
syn-depositional faults have not been reported, and steady detrital supply indicates a stable tectonic environ-
ment, eustatic change is inferred to represent the principal control on sedimentary evolution in the North 
Qiangtang Basin during the Jurassic. A comparison with the Amu Darya Basin in central Asia, characterized by 
similar sedimentological conditions and distribution of reservoir and source rocks, emphasizes the importance of 
eustatic control for the development of the source-reservoir-seal system of the North Qiangtang Basin.   

1. Introduction 

Understanding the evolution of a sedimentary basin and its con-
trolling factors represents an essential step in hydrocarbon exploration 
(Mann et al., 2003). The Qiangtang Basin, located in the northern and 
central part of the Tibetan Plateau, is considered to have the best 
hydrocarbon-bearing potential in Tibet and forms the largest Mesozoic 
oil-bearing marine basin in China (Wang and Yi, 2001; Wang et al., 
2009), as testified by the discovery of an oil reservoir in Mesozoic strata 
and more than 200 surface oil and gas shows (Zhao and Li, 2000; Wang 
et al., 2004; Wang et al., 2009; Fu et al., 2016). Alternating mudrock, 
sandstone, and limestone strata are important factors for the Jurassic 
petoleum system of the North Qiangtang Basin (Fu et al., 2016). The aim 
of the present study is to investigate the controls of Jurassic sedimentary 
evolution to improve on our understanding of conditions favouring the 
formation and distribution of source-reservoir-seal systems in the 
Qiangtang Basin. 

The Qiangtang Block is situated between the Jinshajiang suture zone 
(JSSZ) to the north and the Bangong-Nujiang suture zone (BNZ) to the 
south (Fig. 1B). Paleomagnetic investigations indicate Late Triassic- 
Jurassic latitudes ranging from N 24.5� to N 13.0� for the Qiangtang 
Block (Cheng et al., 2012; Yan et al., 2016), which implies that Qiang-
tang joined the southern margin of Laurasia by the Late Triassic. The 
Sino-British Tibetan Plateau joint sedimentologic and paleogeographic 
reconnaissance investigations considered the Qiangtang Basin fill as 
representing molasse deposits in a foreland-basin wedge formed in 
response to continental collision along the northern Jinshajiang suture 
(Leeder et al., 1988). Subsequently, basin formation was related to 
subduction of the Bangong-Nujiang Ocean, and the Qiangtang Basin was 
inferred to be a foreland basin controlled by the development of two 
suture zones (Zhao and Li, 2000; Li et al., 2001). Even recently, the 
formation of the Qiangtang Basin was ascribed to geological processes 
such as “subduction, collision, and orogenic uplift” (Ma et al., 2017; Li 
et al., 2019; Zhang et al., 2019). In contrast, the analysis of Upper 
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Triassic volcanic and sedimentary rocks in central to northern Qiang-
tang indicated a rift-related tectonic setting (Fu et al., 2010b; Wang 
et al., 2019). Jurassic volcanic rocks and syn-depositional faults have not 
been reported in the Qiangtang Basin so far (Zhang et al., 2019), which 
suggests that sedimentary evolution may have been largely controlled 
by factors other than tectonic processes, including eustatic changes. 

In this article we present an integrated sedimentological, strati-
graphic, and detrital-zircon geochronological study, carried out in the 
Nadigangri and Yanshiping areas of the North Qiangtang Basin to 
investigate paleoenvironmental and provenance changes during the 
Jurassic. A comparison is drawn with the sedimentary evolution recor-
ded by Jurassic basins in northern Iran and Afghanistan and the inferred 
global sea-level curve. The influence of eustatic and tectonic control on 
the distribution of the source-reservoir-seal system in the North Qiang-
tang Basin is discussed in analogy with the geological conditions of the 

Amu Darya Basin. 

2. Geological background 

The Qiangtang Block hosts the North Qiangtang and South Qiang-
tang sedimentary basins divided by the Central Qiangtang uplift zone 
(Fig. 1B; Zhang et al., 2002). Mesozoic strata are widely exposed, and 
represented by shallow-marine siliciclastic and carbonate rocks with 
gypsum (Zhang et al., 2019) overlying upper Paleozoic limestones, 
siltstones, mudrocks and low-grade metamorphic rocks (Pullen and 
Kapp, 2014). 

The Jinshajiang suture separates the Qiangtang Block from the Hoh 
Xil-Songpan Ganzi terrane in the north (Fig. 1B; Dewey et al., 1988), 
whereas the Bangong-Nujiang suture marking the subduction zone of 
the Bangong-Nujiang Ocean separates the Qiangtang Block from the 

Fig. 1. (A) Simplified topographic map of eastern Asia. (B) Simplified geological map of the Qiangtang and Hoh Xili-Songpan Ganzi terranes (modified after Pan, 
2009). BNZ—Banggong-Nujiang suture zone; JSSZ—Jinshajiang suture zone; AKMS—Ayimaqin-Kunlun-Mutztagh suture; SQT—South Qiangtang; NQT—North 
Qiangtang; HXSG—Hoh Xili-Songpan Ganzi; SH-Shuanghu; YSP—Yanshiping; NJC—Najiangcuo; BLC—Biluocuo; 114DB—114 Daoban; 109DB—109 Daoban; 
TNM—Tuonamu; QMC—Quemocuo; BGRM—Bagerima; BGRLB—Bagerilongba; BDH—Bandaohu; CJR—Cuojuri; (C–D) Geological maps of the Nadigangri and 
Yanshiping areas showing the position of the studied sections (modified after Zhu et al., 2005, and Li et al., 2005). 
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Lhasa Block in the south. The timing of initial collision between the 
Lhasa and Qiangtang blocks is controversial, and variously suggested to 
range between the Middle Jurassic and the Early Cretaceous (Girardeau 
et al., 1984; Kapp et al., 2007; Zhu et al., 2016; Yan et al., 2016; Ma 
et al., 2017, 2020; Fan et al., 2017). 

The Hoh Xil-Songpan Ganzi terrane (HXSG) is located between the 
Qiangtang Block to the south and the Kunlun terrane to the north 
(Fig. 1B). Middle-Upper Triassic turbidites are widely exposed, and have 
undergone uplift, tectonic deformation and anchimetamorphism in the 
latest Triassic or earliest Jurassic in the eastern part of the HXSG 
(Weislogel et al., 2010). Shallow-marine sediments of Middle and Late 
Jurassic age are exposed in its northwestern part (Fig. 1B; L. Ding et al., 
2013). 

The Central Qiangtang uplift zone, situated in the central-western 
part of the Qiangtang Block, includes Paleozoic strata and the east- 
plunging Qiangtang metamorphic belt (Fig. 1B; Kapp et al., 2005). 
This belt, > 600 km-long and ~270 km-wide, comprises blocks of ser-
pentinite, gabbro and basalt (Zhai et al., 2016) set in a greenschist-facies 
sedimentary m�elange (Pullen and Kapp, 2014), together with upper 
Paleozoic to mainly Triassic-Jurassic strata exposed in the hanging wall 
of a detachment fault. Two hypotheses have been suggested for its 
genesis: (1) Middle-Late Triassic collision between North Qiangtang and 

South Qiangtang along the Longmucuo-Shuanghu suture zone (Zhang 
et al., 2006; Zhai et al., 2013, 2016); (2) shallow dipping southward 
subduction of a Paleo-Tethys oceanic slab beneath the Jinshajiang su-
ture, and detachment and exhumation along a low-angle normal fault 
during the latest Triassic-earliest Jurassic in the central part of the 
Qiangtang Block (Kapp et al., 2000, 2003; Pullen et al., 2008; Pullen and 
Kapp, 2014). 

In the North Qiangtang Basin, Upper Triassic strata are sparsely 
exposed (Fig. 1B) and mainly represented by limestone and coal-bearing 
siliciclastic rocks (Fu et al., 2013) unconformably overlain by felsic tuff, 
dacite, rhyolite, basalt, and volcaniclastics of the Nadigangri Formation 
(201–225 Ma; Fu et al., 2010b; Zhang et al., 2011; Zhai et al., 2013; Peng 
et al., 2015; Liu et al., 2016). Jurassic strata in North Qiangtang record 
non-marine to shallow-marine deposition of three sandstone units with 
two intercalated limestone units (Fig. 2). Earlier field work suggested 
that Jurassic strata unconformably overlie the underlying strata (Nadi-
gangri Formation or Paleozoic rocks; Ma, 1983; Jiang, 1983; Bai, 1989; 
Yao et al., 2011; Chen and Wang, 2009; Zhang, 2018). More recently, 
based on the first scientific drilling well data, Fu et al. (2020a) stated 
that Jurassic strata conformably overlie the Nadigangri volcanic rocks in 
the Bandaohu area (BDH in Fig. 1B; western Qiangtang Basin). In the 
South Qiangtang Basin, shallow-marine sedimentation continued from 

Fig. 2. Mesozoic stratigraphic correlation chart for the Yanshiping and Nadigangri areas of the North Qiangtang Basin (Fang et al., 2016; Wang and Fu, 2018) and 
the Biluocuo, Najiangcuo, and Amdo areas of the South Qiangtang Basin (Ma et al., 2017, 2018; Chen et al., 2018; Li et al., 2019). 
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the Triassic to the Jurassic (Hu et al., 2020). Lower Cretaceous marine 
sediments were locally reported in the North Qiangtang Basin (Fang 
et al., 2002; Fu et al., 2020b), but not from South Qiangtang (Fig. 2). 

3. Material and methods 

3.1. Sampling 

Five stratigraphic sections were measured and sampled in the Yan-
shiping and Nadigangri areas including the Quemocuo, Buqu, Xiali, and 
Suowa formations (Fig. 1C and D). Stratigraphic logs were made and 
samples collected also in the Yanshiping (Xueshan Fm., N33�20004.7400

E91�51048.0400), 109 Daoban (Quemocuo Fm., N32�47047.9700
E91�54047.2100), 114 Daoban (114 Daoban Fm., N32�25050.9000

E91�47042.7700), and Nadigangri areas (Xiali Fm., N33�40022.1000
E87�53026.6300). Detailed descriptions of lithofacies characteristics, 
grain size, fossils, and sedimentary structures were carried out in the 
field. 

3.2. Carbonate microfacies 

Microfacies analysis, aimed at defining the sedimentary environment 
based on grain composition, fossil content, textures, and sedimentary 
structures were carried out on 61 carbonate samples from the Quemo-
cuo, Buqu, Suowa, and Xiali formations. Carbonate rocks with silici-
clastic detritus <10% were described according to Dunham (1962) and 
Embry and Klovan (1971), whereas hybrid arenites with siliciclastic 
detritus >10% were described based on Mount (1985) and Zuffa (1985). 
Water-depths inferred from microfacies analysis were defined with 
reference to normal high tide (NHT), normal low tide (NLT), 
fair-weather wave-base (FWWB), and storm wave-base (SWB). 

3.3. Sandstone petrography 

Twenty-three fresh sandstone samples (7 from the Xiali Fm., 12 from 
the Quemocuo Fm., and 4 from the Xueshan Fm.) were selected for 
point-counting under the microscope of at least 400 grains each using 
the Gazzi-Dickinson method (Ingersoll et al., 1984). Data were plotted in 
the QFL (Q ¼ quartz; F ¼ feldspar; L ¼ lithics) and LvLmLs (Lv ¼ vol-
canic; Lm ¼ metamorphic; Ls ¼ sedimentary) diagrams (sandstone 
classification after Garzanti, 2016, 2019). 

3.4. Zircon U–Pb dating 

Dense minerals were separated from 7 medium-to coarse sandstone 
samples by standard water-table and magnetic methods. Zircon grains 
were randomly selected for U–Pb analysis by laser-ablation inductively- 
coupled-plasma mass spectrometry (LA-ICP-MS) at the State Key 

Laboratory for Mineral Deposits Research, Nanjing University, China. 
We followed procedures illustrated in Jackson et al. (2004) and He et al. 
(2009), and used a laser diameter of 32 μm and zircon standard samples 
GEMOC GJ-1 and Mud Tank. Common Pb correction was performed 
according to Andersen (2002) and age probabilities were calculated 
using Isoplot 4.00 (Ludwig, 2011). We used 206Pb/238U ages for grains 
younger than 1000 Ma and 207Pb/206Pb ages for grains older than 1000 
Ma, accepting discordances <10% for zircons younger than 200 Ma and 
<20% for zircons older than 200 Ma. The mean age of standards GJ-1 
and Mud Tank resulted to be 600.4 � 2.46 Ma (n ¼ 125) and 723 �
9.29 Ma (n ¼ 49), respectively. 

The youngest detrital zircon ages can constrain maximum deposi-
tional ages of stratigraphic units. Among the several criteria illustrated 
in Table 1, the weighted mean age of the youngest cluster (YC1σ (2þ) or 
YC2σ (3þ)) is recommended (Dickinson and Gehrels, 2009). 

3.5. Subsidence analysis 

The analysis of tectonic subsidence was based on stratigraphic data 
from the Yanshiping section (Quemocuo, Buqu, Xiali, and Suowa for-
mations), where Middle to Upper Jurassic strata are continuously 
exposed and depositional ages well constrained by biostratigraphy. The 
subsidence curve for the North Qiangtang Basin, drawn using 
BasinMod1-D software of Platte River Associates was obtained by back- 
stripping corrected for compaction (Allen and Allen, 2013), paleo-
bathymetry (inferred from lithofacies analysis), and eustatic changes 
(according to Haq, 2018). 

4. Stratigraphy 

Jurassic strata in the North Qiangtang Basin include, from bottom to 
top, the Quemocuo, Buqu, Xiali, Suowa and Xueshan formations. These 
units, widely distributed in the Yanshiping and Nadigangri areas (Fang 
et al., 2016), account for a total thickness of ~3500 m. The Quemocuo, 
Xiali and Xueshan formations mostly consist of siliciclastic rocks, 
whereas the Buqu and Suowa formations mostly consist of carbonate 
rocks. All stratigraphic contacts appear to be conformable (Fig. 3A–C). 
Based on abundant faunas (mostly bivalves and brachiopods), pollens 
and magnetostratigraphy, the Yanshiping succession was dated as 
Middle to Late Jurassic (Fig. 4; Yin, 1988; Yang and Yin, 1988; Sha et al., 
1998; Li and Batten, 2004; Cheng and He, 2006; Fang et al., 2016; Song 
et al., 2016). The Quemocuo Formation was unformably overlying the 
Triassic strata in the Yanshiping area (Ma, 1983; Jiang, 1983; Bai, 1989; 
Yao et al., 2011), whereas in the Bandaohu area, the contact was not 
determined and some authors suggested a conformable contact between 
the Quemocuo Formation and the Upper Triassic volcanic rocks, and 
thus the Quemocuo Fomation was inferred to be have been deposited as 
early as Early Jurassic time (Fu et al., 2020a). 

Table 1 
Detrital-zircon chronostratigraphy places robust constraints on the depositional age of the Jurassic sandstones in the Northern Qiangtang Basin.  

Formation Sample Grain Numbers YDZa YSGb YPPC YC1σ (2þ)d YC2σ (3þ)e Area 

Quemocuo 17WQ41 n ¼ 85 176.3 þ 6/-6 177.0 � 3 183.0 183.6 � 6.5 (5) 183.6 � 6.5 (5) Yanshiping 
Xiali 17WQ76 n ¼ 78 167.0 þ 6/-6 167.0 � 3 174.4 / 176.0 � 13.0 (4) Yanshiping 

16XL08 n ¼ 75 167.0 þ 3/-5 170.0 � 3 170.8 171.0 � 2.5 (6) 171.0 � 2.5 (6) Nadigangri 
*16MZ02D n ¼ 202 153.8 þ 4/-9 157.5 � 3 162.5 162.2 � 2.2 (16) 162.2 � 1.6 (16) Yanshiping 

Xueshan 17WQ17 n ¼ 76 156.3 þ 4/-4 156.0 � 2 163.8 / 168.3 � 7.6 (9) Yanshiping 
*16MZ03D n ¼ 262 140.8 þ 6/-11 149.1 � 8 155.2 157.3 � 2.2 (35) 157.3 � 2.4 (35) Yanshiping  

a YDZ ¼ age calculated by the “youngest detrital zircon” routine of Isoplot (Ludwig, 2011). 
b YSG ¼ youngest single detrital zircon age with 1δ uncertainty. 
c YPP ¼ youngest graphical detrital zircon age peak on an age-probability plot or age-distribution curve. 
d YC1σ (2þ) ¼ weighted mean age (�1σ incorporating both internal analytical error and external systematic error) of youngest cluster of two or more grain ages 

overlapping in age at 1σ. 
e YC2σ (3þ) ¼ weighted mean age (�1σ incorporating both internal analytical error and external systematic error) of youngest cluster of three or more grain ages 

overlapping in age at 2σ (Dickinson and Gehrels, 2009). 
* 16MZ02D, 16MZ03D refer to (Li et al., 2019). 
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4.1. Quemocuo Formation 

The >1 km-thick Quemocuo Formation consists of massive purplish- 
red mudrock interbedded with sandstone. Granule to pebble conglom-
erate at the base overlies Triassic or older rocks (Yao et al., 2011). Strata 
containing both marine and freshwater bivalves were assigned to the 
Bajocian-Bathonian in the Yanshiping area (Yin, 1988; Sha et al., 1998), 

although magnetostratigraphic analysis indicates a wider time interval 
spanning from the early Aalenian to the Callovian (Fang et al., 2016). 
Bivalves of the Quemocuo Formation found in the Quemocuo, Bagerima 
and Bagerilongba sections (QMC, BARM and BGRLB in Fig. 1B) indicate 
the Bajocian to early Bathonian (Yao et al., 2011). Because the lower 
Quemocuo Formation lacks fossils, deposition may have started earlier 
in the Lower Jurassic (Fu et al., 2010a). The youngest detrital zircons in 

Fig. 3. Field photographs of Jurassic strata in the North Qiangtang Basin. (A) Xiali and Suowa formations, Yanshiping section (N33�20016.8300 E91�52025.4100); (B) 
Quemocuo and Buqu formations, Yanshiping section (N33�18011.9800 E91�49031.5900); (C) Buqu and Xiali formations, Yanshiping section, (N33�33051.6100 E92�

2016.4900); (D) Xueshan Formation, Yanshiping section, (N33�2004.7400 E91�51048.0400); (E) Red beds of the Quemocuo Formation, Nadigangri section (N33�35041.9800

E87�28051.4400); (F) Xiali Formation, Yanshiping section (N33�1605.9800 E91�49052.4400); (G) Flaser lamination, Quemocuo Formation; (H) Erosion surfaces and shell 
beds, Suowa Formation; (I) Mudcracks, Suowa Formation; (J) Storm-deposited shell beds mainly composed of bivalves, Buqu Formation; (K) Gutter casts, Suowa 
Formation; (L) Linsen lamination, Xiali Formation; (M) Burrows, Buqu Formation; (N) Oriented bivalve fragments, Suowa Formation; (O) Shell bed, Buqu Formation. 
(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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the Quemocuo Formation are dated as 183.6 � 6.5 Ma (YC1σ (2þ); 
Table 1). 

4.2. Buqu Formation 

The Buqu Formation is 600 m-thick in the Yanshiping section, where 
it is characterized by medium to thick-bedded limestone and marly 
limestone with many intercalated shell beds. Bivalves of Bathonian age 
are common (168–166 Ma, converted from GTS 2012; Gradstein et al., 
2012), together with Bathonian brachiopods including Kallirhynchia 
yaxleyensis (Davidson) and Pseudotubithyris globata (Sowerby). 
Numerous Bathonian ammonites were found in the Cuojuri section (CJR 
in Fig. 1B; Yin et al., 2005; Yao et al., 2011). Magnetostratigraphic 
analysis pointed to a mid-late Callovian age (165.5–163.3 Ma; Fang 
et al., 2016), which is however inconsistent with biostratigraphy 
(Fig. 4). 

4.3. Xiali Formation 

The Xiali Formation, 700 m-thick in the Yanshiping section, mostly 
consists of variegated mudrock interbedded with siltstone. Bathonian- 
Oxfordian bivalve assemblages were reported in this area (Bai, 1989; 
Chen et al., 2005; Fang et al., 2016), and Callovian brachiopod assem-
blages were discovered in the Quemocuo section (Bai, 1989). Biostra-
tigraphy and magnetostratigraphy indicate a Callovian-early Oxfordian 

age (165–160 Ma; Fig. 4; Song et al., 2016), consistently with the age of 
the youngest detrital zircons, ranging in different sections from 176.0 �
13 Ma (YC2σ (3þ); this study) to 162.2 � 2.2 Ma (YC1σ (2þ); Table 1; Li 
et al., 2019). 

4.4. Suowa Formation 

The Suowa Formation, 500 m-thick in the Yanshiping section, mostly 
consists of medium-bedded limestone and gray-black mudrock 
commonly intercalated with shell beds. Oxfordian-Kimmeridgian bi-
valves and dinoflagellate cysts were reported in the Yanshiping area 
(Yang and Yin, 1988; Bai, 1989; Chen et al., 2005; Cheng and He, 2006), 
where magnetostratigraphy consistently points to the Oxfordian-early 
Kimmeridgian (160.2–156.8 Ma; Fig. 4; Fang et al., 2016; Song et al., 
2016). 

4.5. Xueshan Formation 

Only the <100 m-thick lower part of the Xueshan Formation is 
exposed in the Yanshiping area, where it mostly consists of medium-to 
thin-bedded sandstone with mudrock. Bivalves are lacking, and di-
noflagellates indicate a Kimmeridgian-Tithonian (Cheng and He, 2006) 
or Early Cretaceous age (Li and Batten, 2004; Li et al., 2011). The 
youngest detrital zircon ages range from 168.3 � 7.6 Ma (YC2σ (3þ); 
this study) to 157.3 � 2.2 Ma (YC1σ (2þ); Table 1; Li et al., 2019). These 

Fig. 4. Jurassic age constraints in the Yanshiping area, North Qiangtang. (Bivalves: Yang and Yin, 1988, Yin, 1988, Fang et al., 2016. Dinoflagellate cysts: Li and 
Batten, 2004, Cheng and He, 2006, Li et al., 2011. Ammonites: Yin et al., 2005, Yao et al., 2011. Magnetostratigraphy: Fang et al., 2016, Song et al., 2016. Youngest 
detrital-zircon age: Li et al., 2019, this study). 
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evidences and stratigraphic position suggest a latest Jurassic to Early 
Cretaceous depositional age (after 157.3 Ma; converted from GTS 2012; 
Gradstein et al., 2012). 

5. Facies associations and paleoenvironments 

Nineteen facies associations (FS) were identified in the Yanshiping 
and Nadigangri areas of the North Qiangtang Basin (Fig. 5), representing 
braided river (FS1) and floodplain (FS2) terrestrial environments, or 
tidal flat (FS3-FS8), shoal (FS9-FS11), lagoon (FS12-FS13), open 
shallow-marine (FS14-FS17) inner-ramp, and offshore (FS18-FS19) mid- 
ramp marine settings (Table 2). 

5.1. Braided river 

5.1.1. FS1 purple-red granule conglomerate interbedded with coarse 
sandstone 

Description: FS1 was found in the lowermost Quemocuo Fm. in the 
Nadigangri section (Fig. 6). The purple-red granule conglomerate beds 
are 0.3–3 m-thick and interbedded with poorly to moderately sorted 
lenticular sandstone and siltstone. Normal grading, planar oblique- 
lamination, parallel lamination and erosional bases are common. 
Granules range from 2 to 4 mm in diameter, are weakly imbricated and 
consist of volcanic rocks, vein quartz, and minor carbonates. Sandstone 
beds are lenticular (Fig. 5A), fine-upward, and are capped by dolostone. 
Sand grains are angular. 

Interpretation: Purple-red, imbricated and horizontally stratified 
granule conglomerates and lenticular sandstones with erosional bases 
point to hydrodynamic conditions typical of braided-river channels 
(Miall, 1996). Fining-upward sandstones and siltstones with parallel to 
oblique lamination indicate deposition during a waning-flood stage with 
transition from the main channel to secondary channels. 

5.2. Floodplain 

5.2.1. FS2 purple-red mudrock 
Description: FS2, found in the lower part of the Quemocuo Fm. in the 

Yanshiping section (Fig. 6), consists of purple-red massive mudrocks 
with intercalated siltstones, fine sandstones, or paleosols (Fig. 5B). Wave 
ripples, parallel lamination, graded bedding, abundant unbroken non- 
marine bivalves, and burrows are common in siltstones. 

Interpretation: Dominant red mudrocks with paleosols suggest a well 
drained, periodically arid floodplain (Reading, 1996). Siltstone or fine 
sandstone interbeds with parallel lamination are interpreted as flood 
crevasse/overbank deposits (Leeder et al., 1988). 

5.3. Tidal flat 

5.3.1. FS3 variegated mudrock interbedded with siltstone 
Description: FS3, found in the Xiali Fm. (Fig. 7) and upper Quemocuo 

Fm. in the Yanshiping section, consists of purple-red or greyish green 
mudrocks interbedded with fine lenticular sandstones (Fig. 5C). Wave 
ripple, flaser, linsen and megaripple laminations were observed. 

Interpretation: Linsen and flaser lamination indicate tidal influence 
(Collinson et al., 2006). Purple red mudrocks with wave ripple or hor-
izontal lamination characterize mud flat environments around normal 
high tide. Fine lenticular sandstones were deposited in tidal channels. 

5.3.2. FS4 fenestral mudstone 
Description: FS4, found in the lowermost Suowa Fm. in the Yan-

shiping section (Fig. 7), consists of thin-bedded mudstone displaying 
common fenestral fabrics (birds’ eyes) and a few burrows, interbedded 
with fine sandstone (Fig. 5D). Small benthic foraminifers and other 
bioclasts occur. 

Interpretation: Fenestrae, resulting from dessication or dissolution 
(Assereto and Kendall, 1977) indicate a lower supratidal or upper 

intertidal zone (Flügel, 2010, 747p). Association with variegated 
mudrocks (FS3) confirms a tidal flat environment. 

5.3.3. FS5 marlstone 
Description: FS5, mainly found in the lower Suowa Fm. (Fig. 7), 

consists of yellowish-brown marlstones interbedded with shell beds and 
commonly displaying polygonal mudcracks (Fig. 5E). 

Interpretation: Fine-grained sediments with mudcracks indicate pe-
riodic exposure in the upper intertidal to supratidal zone (Flügel, 2010, 
746p). 

5.3.4. FS6 laminated mudstone 
Description: FS6, found in the lower Suowa Fm. (Fig. 7), consists of 

mudstone interbedded with calcarenite displaying horizontal lamina-
tion or bioturbation (Fig. 5F). Bioclasts occur locally. 

Interpretation: Laminated mudstone with interbedded fine calcar-
enite reflects deposition by tractive currents alternating with sedimen-
tation from suspension in intertidal to subtidal environments (Flügel, 
2010, 746p). 

5.3.5. FS7 bioclastic-oolitic packstone 
Description: FS7 packstones, found in the Xiali Fm. in the Yanshiping 

section (Fig. 7), are mainly composed of extensively micritized ooids and 
bioclasts (brachiopods, bivalves, echinoderms), with intraclasts > 2 mm 
in diameter (Fig. 5G). Sparse quartz grains (�10% of the rock) 
commonly occur in a micritic matrix. 

Interpretation: Micrite with mixed bioclasts and intraclasts typically 
occur in the intertidal zone, where intraclasts are generated by storm 
reworking of tidal-flat deposits (Scholle and Ulmer-Scholle, 2003). 

5.3.6. FS8 bivalve packstone/rudstone 
Description: FS8, common in the lower Suowa Fm. and upper Xiali 

Fm. (Fig. 7), is characterized by well-sorted bivalve fragments 
commonly >2 mm in size. Shell beds with sharp base (Fig. 5H) are 
interbedded with mudstone (FS4), quartz sandstone, and gray-black 
mudrock. 

Interpretation: Shell beds with sharp base interbedded with FS4 
fenestral mudstone indicate high-energy storm events (Flügel, 2010, 
596p) in a tidal flat environment. 

5.4. Shoal 

5.4.1. FS9 bioclastic grainstone 
Description: FS9 occurs in the middle Suowa Fm. (Fig. 7), inter-

bedded with FS5 and FS6. Bivalves and brachiopods up to 1 cm in size, 
showing micritic envelopes and weak orientation, account for >80% of 
the rock (Fig. 5I). Intraclasts occur locally. Intragranular pores are filled 
with blocky calcite. 

Interpretation: High-density, oriented bioclastic grainstones indicate 
an agitated shoal formed under relatively high-energy hydrodynamic 
conditions (Flügel, 2010, 721p). 

5.4.2. FS10 oolitic grainstone 
Description: FS10, occurring in the lower Buqu Fm. (Fig. 7), consists 

of thin-bedded oolitic grainstone. Well sorted ooids, 0.5–0.8 mm in 
diameter, commonly show tangential structure and pervasive micriti-
zation; grapestones also occur (Fig. 5J), as well as bioclasts with micritic 
envelopes. 

Interpretation: Ooid formation needs intermittent agitation to move 
grains on the sea floor, and lack of micrite indicates effective winnowing 
in high-energy shoal environments (Flügel, 2010, 721p). 

5.4.3. FS11 sandy bioclastic wackestone 
Description: FS11, found in the middle Buqu Fm. (Fig. 7), consists of 

poorly sorted bioclasts (bivalves, echinoderms, and brachiopods), 
commonly 0.5–1 mm in size but ranging up to >2 mm. Angular to 
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subangular quartz grains (Fig. 5K) are commonly 0.05–0.1 mm in 
diameter. 

Interpretation: Abundant micritic matrix, fine-grained quartz and 
shallow-water fossil assemblages indicate deposition in a nearshore 
shallow-marine environment. 

5.5. Lagoon 

5.5.1. FS12 serpulid and bivalve packstone 
Description: FS12, occurring in the middle-upper Buqu Fm. (Fig. 7), 

contains serpulid beds containing bivalves and ranging in thickness from 
10 to 30 cm. Intact serpulid worm tubes are commonly 0.5–2 mm in size, 
bivalves are commonly >2 mm in size (Fig. 5L), and quartz grains occur. 

Interpretation: Low biodiversity with unbroken bivalves and ser-
pulids set in micrite indicate a low-energy, restricted lagoonal 
environment. 

5.5.2. FS13 wackestone 
Description: FS13, found in the middle Suowa Fm. (Fig. 7), consists 

of thin-bedded wackestone with small bioclasts and pyrite crystals, 
commonly interbedded with marlstones (FS5). Detrital quartz and bur-
rows are common (Fig. 5M). 

Interpretation: The association with marlstones with mudcracks 
(FS5) indicative of periodic exposure, texture and fossil content point to 
a low-energy lagoonal environment above fair-weather wave-base 
(Flügel, 2010, 722p). 

Fig. 5. Field photographs and thin-section microphotographs of representative facies associations. (A) FS1: Purple-red granule conglomerate interbedded with coarse 
sandstone (Quemocuo Fm., Nadigangri section); (B) FS2: Purple-red mudrock with pedogenic caliche nodules (Quemocuo Fm., Yanshiping section); (C) FS3: Var-
iegated mudrock interbedded with siltstone (Xiali Fm., Yanshiping section); (D) FS4: Fenestral mudstone (18YSP22, Suowa Fm., Yanshiping section); (E) FS5: 
Marlstone (Suowa Fm., Yanshiping section); (F) FS6: Laminated mudstone (18YSP18, Suowa Fm., Yanshiping section); (G) FS7: Bioclastic-oolitic packstone 
(17WQ69, Xiali Fm., Yanshiping section); (H) FS8: Bivalve packstone/rudstone (Suowa Fm., Yanshiping section); (I) FS9: Bioclastic grainstone (18YSP17, Suowa Fm., 
Yanshiping section); (J) FS10: Oolitic grainstone (18YSP43, Buqu Fm., Yanshiping section); (K) FS11: Sandy bioclastic wackestone (18YSP36, Buqu Fm., Yanshiping 
section); (L) FS12: Serpulid and bivalve packstone (18YSP38, Buqu Fm., Yanshiping section); (M) FS13: wackestone (18YSP16, Suowa Fm., Yanshiping section); (N) 
FS14: Wackestone overlied by oolitic grainstone with erosional base (18YSP14, Suowa Fm., Yanshiping section); (O) FS15: Oolitic sandstone (18YSP15, Suowa Fm., 
Yanshiping section); (P) FS16: Oncoid-bioclastic floatstone (18YSP01, Suowa Fm., Yanshiping section); (Q) FS17: Bioclastic packstone (18YSP03, Suowa Fm., 
Yanshiping section); (R–S) FS18: Black shale intercalated with shell beds (18YSP09, Suowa Fm., Yanshiping section); (T–U) FS19: Bioclastic wackestone (18YSP08, 
Suowa Fm., Yanshiping section) with quadrangular serpulids (U). (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

Table 2 
Microfacies description and environmental interpretation.  

Paleoenvironments Lithofacies (facies associations) Sedimentary, biogenic 
and diagenetic 
structures 

Grain type Water-depth 

Skeletal Non-skeletal 

Terrestrial Braided river FS1 Purple-red granule 
conglomerate interbedded 
with coarse sandstone 

Parallel bedding, 
planar cross-bedding 

None Terrigenous Above NHT* 

Floodplain FS2 Purple-red mudrock Calcitic nodules Bivalves Terrigenous Above NHT 
Marine Inner 

ramp 
Tidal flat FS3 Variegated mudrock 

interbedded with siltstone 
Flaser-bedding, ripple 
mark, cross-bedding 

None Terrigenous Between NHT 
and NLT* 

FS4 Fenestral mudstone Fenestrae Rare None Between NHT 
and NLT 

FS5 Marlstone mud cracks None Terrigenous Between NHT 
and NLT 

FS6 Laminated mudstone Lamination and 
bioturbation 

None Rare Between NHT 
and NLT 

FS7 Bioclastic-oolitic packstone None Brachiopods, bivalves, and 
echinoderms 

Ooids Between NHT 
and NLT 

FS8 Bivalve packstone/rudstone None Bivalves None Between NHT 
and NLT 

Shoal FS9 Bioclastic grainstone Slight orientation Bivalves, brachiopods None Between NLT 
and FWWB* 

FS10 Oolitic grainstone None Rare Ooids Between NLT 
and FWWB 

FS11 Sandy bioclastic wackestone None Bivalves, brachiopods, 
echinoderms 

Terrigenous Between NLT 
and FWWB 

Lagoon FS12 Serpulid and bivalve 
packstone 

None Bivalves, serpulids Quartz Between NLT 
and FWWB 

FS13 Wackestone Burrow Rare Terrigenous Above FWWB 
Open shallow 
marine 

FS14 Wackestone with oolitic 
grainstone 

Rhythm layer Bioclasts Micritic ooids, 
terrigenous 

Between NLT 
and FWWB 

FS15 Oolitic sandstone Parallel-bedding Rare Micritic ooids, 
terrigenous 

Between NHT 
and NLT 

FS16 Oncoid-bioclastic floatstone None Gastropods, bivalves, 
echinoderms, benthic 
foraminifera, bryozoans 

Oncoids Above FWWB 

FS17 Bioclastic packstone/ 
wackestone/mudstone 

None Bivalves, brachiopods, 
echinoderms, gastropods, 
benthic foraminifera 

None Above FWWB 

Middle 
ramp 

Offshore FS18 Black mudrocks intercalated 
with shell beds 

Storm erosion surfaces Bivalves, rare brachiopods, 
echinoderms, gastropods 

None Between 
FWWB and 
SWB* 

FS19 Bioclastic wackestone Bioturbation Filaments, serpulids None Below SWB  

* SWB—Storm wave-base; FWWB—Fair-weather wave-base; NLT—Normal low tide; NHT—Normal high tide. 
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Fig. 6. Stratigraphy and facies associations (FS) in the Quemocuo Formation of the Yanshiping (right) and Nadigangri sections (left). Coloured strata mimic rock 
colors in the field. (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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Fig. 7. Stratigraphy, facies associations (FS) and inferred water-depths in the Buqu, Xiali and Suowa formations in the Yanshiping section. Coloured strata columns 
mimic rock colors in the field. (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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5.6. Open shallow marine 

5.6.1. FS14 wackestone with oolitic grainstone 
Description: FS14, found in the middle Suowa Fm. (Fig. 7), comprises 

thin-bedded mudstone/wackestone with scattered (3–5%) bioclasts 
interbedded with oolitic and bioclastic grainstone commonly displaying 
an erosional base (Fig. 5N). Well-sorted ooids and bioclasts, frequently 
0.1 mm in size, are extensively micritized. Detrital quartz is common. 

Interpretation: Grainstones with erosional base rhythmically alter-
nating with mudstone/wackestone point to deposition by storms effec-
tively winnowing out the mud fraction. The upper subtidal zone, 
adjacent to shoal bars, is indicated (Flügel, 2010, 722p). 

5.6.2. FS15 oolitic sandstone 
Description: FS15, occurring in the middle Suowa Fm. (Fig. 7), 

consists of hybrid arenites containing well-sorted ooids or locally bio-
clasts 0.1–0.2 mm in size, together with mainly fine-grained, well-sorted 
and subrounded quartz grains also forming the nucleus of ooids 
(Fig. 5O). Parallel lamination and intercalated mudstone are common. 

Interpretation: Parallel lamination and mixing of well sorted quartz 
and ooids indicate the action of tractive currents. Alternating mudstones 
and oolitic arenites indicate an upper subtidal environment under the 
influence of tidal currents or frequent storms (Flügel, 2010, 746p). 

5.6.3. FS16 oncoidal-bioclastic floatstone 
Description: FS16, occurring only in the uppermost Suowa Fm. 

Fig. 8. Petrography of Jurassic sandstones in the North Qiangtang Basin. A) Litho-quartzose sandstone; 17WQ41, Quemocuo Fm., Yanshiping section. B) Feldspatho- 
litho-quartzose sandstone; 17WQ49, Quemocuo Fm., Yanshiping section. C) Litho-quartzose sandstone; 17WQ58, Xiali Fm., Yanshiping section. D) Litho-quartzose 
sandstone; 17WQ15, Xueshan Fm., Yanshiping section. E) Litho-quartzose sandstone; 16JA15, Quemocuo Fm., Nadigangri section. F) Quartzose sandstone; 16XL09, 
Xiali Fm., Nadigangri section. (Q ¼ quartz; F ¼ feldspar; L ¼ lithic fragments; Lv ¼ volcanic; Ls ¼ sedimentary; Lm ¼ metamorphic). 
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(Fig. 7), consists of medium-to thick-bedded oncoidal floatstone with 
bivalves, brachiopods, echinoderms, foraminifers, and bryozoans, 
interbedded with massive gray-black mudstone. Poorly sorted oncoids 
are commonly 0.5 mm in diameter but range up to >2 mm and 
commonly contain bioclasts as their nucleus (Fig. 5P). 

Interpretation: Oncoids and varied bioclasts indicate an open-marine 
environment with relatively low energy hydrodynamic condition (Flü-
gel, 2010, 749p). 

5.6.4. FS17 bioclastic packstone/wackestone/mudstone 
Description: FS17, occurring at the top of the Suowa Fm. (Fig. 7), 

consists of thick-bedded bioclastic wackestone/packstone interbedded 
with gray to black mudstone. Bioclasts, generally 0.5 mm in size and 
commonly showing micritic envelopes, are mostly bivalves and echi-
noderms with subordinate brachiopods, gastropods, and foraminifers 
(Fig. 5Q). 

Interpretation: The presence of gray-black mudstone associated with 
wackestone and packstone containing varied bioclasts indicate a rela-
tively low-energy, open-marine environment. 

5.7. Offshore 

5.7.1. FS18 black mudrocks intercalated with shell beds 
Description: FS18, occurring in the middle to upper Suowa Fm., is 

characterized by black shale interbedded with 3–30 cm-thick shell beds, 
bioturbated mudstone, and black mudrock with erosional surfaces at the 
base and faint wave structures at the top. Shell beds include high- 
diversity bioclasts with poorly sorted bivalves commonly 0.5–3 cm in 
size, and minor brachiopods, gastropods and echinoderms (Fig. 5R and 
S). 

Interpretation: High-diversity bioclasts indicate an open shallow- 
marine environment. Mudrocks associated with shell beds point to a 
low-energy environment periodically affected by high-energy events, 
and thus a middle ramp above storm wave-base (Flügel, 2010, 596p; 
P�erez-L�opez and P�erez-Valera, 2012). 

5.7.2. FS19 bioclastic wackestone 
Description: FS19 consists of bioclastic wackestone interbedded with 

massive centimentric gray-black mudstone. Bioclasts are mainly ser-
pulid worm tubes generally >2 mm in diameter, thin-shelled bivalves, 
echinoderms, and miliolids (Fig. 5T and U). Bioturbation is common. 

Interpretation: Thin-shelled bivalves associated with quadrangular 

serpulids, reported from Jurassic outer slope strata including distal 
storm deposits (Schl€ogl et al., 2018), point to a relatively deep 
middle-outer ramp environment (Flügel, 2010, 722p). 

6. Provenance analysis 

6.1. Sandstone petrography 

In the Yanshiping section, sandstones of the Quemocuo Formation 
are mostly feldspatho-litho-quartzose volcaniclastic (classification after 
Garzanti, 2016, 2019) (Figs. 8 and 9). Quartz grains are mostly mono-
crystalline (95% of total quartz), well-sorted, angular to sub-rounded, 
and calcite-cemented. K-feldspar is generally more abundant than 
plagioclase. Rock fragments are mostly felsic volcanic with subordinate 
slate and phyllite. Chlorite and muscovite are common. In the Nadi-
gangri section, Quemocuo sandstones are mostly litho-quartzose volca-
niclastic. Grains are moderately sorted and angular to sub-rounded. 
Rock fragments are mainly felsic volcanic with subordinate quartzose 
schist (Fig. 8A). 

In the Yanshiping section, sandstones of the Xiali Formation are 
mostly feldspatho-litho-quartzose volcaniclastic (Fig. 9). Grains are well 
sorted and angular to sub-rounded. Rock fragments consist of felsic 
volcanic and subordinate metamorphic types. In the Nadigangri section, 
Xiali sandstones are mostly quartzose, rock fragments include felsic 
volcanic and minor quartzose schist, and carbonate allochems are 
abundant (Fig. 8F). 

Sandstones in the Xueshan Formation are mostly feldspatho-litho- 
quartzose and litho-quartzose volcaniclastic (Fig. 9). Grains are well 
sorted, angular to sub-rounded, and calcite-cemented. K-feldspar is 
more abundant than plagioclase. Rock fragments are felsic volcanic and 
subordinate slate and phyllite. Chlorite and muscovite are common. 

6.2. Detrital zircon geochronology 

A total of 561 concordant U–Pb detrital-zircon ages were obtained 
from seven sandstone samples (spectra shown in Fig. 10). 

Three samples from the Quemocuo Formation in the Yanshiping 
section yielded 257 ages with an Early Jurassic cluster at 177–199 Ma (n 
¼ 7) and older clusters at 200–300 Ma, 300–630 Ma, 700–1000 Ma, 
~1800 Ma, and 2300–2500 Ma. The Quemocuo Formation sample 
collected in the Nadigangri section yielded 75 ages, 61 of which (81%) 
defining a single peak at 201–231 Ma with other grains ranging widely 

Fig. 9. Petrographic composition of Jurassic sandstones in the North Qiangtang Basin (classification after Garzanti, 2016, 2019). (Q ¼ quartz; F ¼ feldspar; L ¼ lithic 
fragments; Lv ¼ volcanic; Ls ¼ sedimentary; Lm ¼ metamorphic). 
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Fig. 10. U–Pb age spectra of detrital zircons in Jurassic strata of the North Qiangtang Basin compared with data from Triassic sandstones and volcanics in the Kunlun 
terrane (L. Ding et al., 2013; Cheng et al., 2016), Hoh Xili-Songpan Ganzi terrane (HXSG; Weislogel et al., 2006, 2010; Enkelmann et al., 2007; L. Ding et al., 2013; 
Wang et al., 2013; Zhang et al., 2015), pre-Jurassic sandstones in the Qiangtang Block (Gehrels et al., 2011), and Middle Jurassic Sewa Formation in South Qiangtang 
(Ma et al., 2017). Shaded stripes highlight ~250 Ma, 450 Ma, and Jurassic clusters. 
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from ~400 to ~2500 Ma. 
The sample collected from the Xiali Formation in the Yanshiping 

section yielded 78 concordant ages with a youngest cluster at 163–185 
Ma (n ¼ 4) and other clusters at 200–300 Ma, 420–500 Ma, 680–1000 
Ma, ~1800 Ma, and 2300–2500 Ma. The Xiali Fm. sample collected in 
the Nadigangri section yielded 75 ages with a youngest cluster at 
170–178 Ma (n ¼ 6), and other clusters at 200–300 Ma, 600–1000 Ma, 
~1800 Ma, and ~2500 Ma. 

The sample from the Xueshan Formation yielded 76 zircon ages with 
a youngest cluster at 156–186 Ma (n ¼ 9), and other clusters at ~250 
Ma, 350–450 Ma, 670–1000 Ma, ~1800 Ma, and ~2500 Ma (Fig. 10). 
Overall, only 26 ages out of 561 (4.5%) are Jurassic and fall between 
156 and 199 Ma, with youngest zircon grains dated as 183.0 Ma, 174.4 
Ma, and 163.8 Ma, respectively in the Quemocuo, Xiali, and Xueshan 
formations exposed in the Yanshiping section (Table 1). 

7. Discussion 

7.1. Two Jurassic transgression-regression cycles in North Qiangtang 

Lithofacies analysis in the Yanshiping area identifies two Jurassic 

transgressive-regressive cycles (Fig. 11), which are extensively devel-
oped in the North Qiangtang Basin (Fig. 12). During deposition of lower 
Quemocuo strata (Fig. 12A), fluvial facies (FS1, FS2) were widespread 
from the Nadigangri to the Yanshiping areas. The upper Quemocuo 
Formation testifies to the onset of marine sedimentation. In the Yan-
shiping area, bivalve biostratigraphy in the upper Quemocuo Formation 
indicate that transgression began in the late Bajocian. However, in the 
Bandaohu area, ~200 km to the west of the Yanshiping area along 
strike, tidal-flat and lagoonal environments may appear synchronous 
with that in the Yanshiping or earlier in the Early Jurassic according to 
Fu et al. (2020a). During deposition of the Quemocuo and lower Buqu 
formations, water-depth deepened from normal high tide to below storm 
wave-base, and the sedimentary environment shifted gradually from 
floodplain (FS1-FS2) to tidal flat (FS3), shoal and restricted lagoon 
(FS10-FS14), and eventually to middle ramp settings (FS18) character-
izing the upper Bathonian upper Buqu Formation when transgression 
reached its maximum. 

During deposition of the Buqu Formation, the North Qiangtang Basin 
was mostly submerged (Fig. 12B) but subsequently water-depth began 
to decrease in the late Bathonian and until the Callovian-early Oxfor-
dian. The transition from fair-weather wave-base to normal high tide 

Fig. 11. The two transgressive-regressive cycles recorded in the North Qiangtang Basin and their correlation with coeval sedimentary successions of the Northern 
Iran and Amu Darya basins and with the inferred curves for tectonic subsidence and global sea-level (Hallam, 2001; Ruban, 2015; Haq, 2018). Water-depth for the 
North Qiangtang Basin was inferred from microfacies analysis of the Quemocuo, Buqu, Xiali, and Suowa formations. Sedimentary evolution in the Northern Iran and 
Amu Darya basins modified after Fürsich et al. (2009, 2017). SWB—Storm wave-base; FWWB—Fair weather wave-base; NLT—Normal low tide; NHT—Normal high 
tide; T-R—Transgressive-regressive cycle. Blue and orange arrows indicate transgression and regression, respectively. 
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sediments documents the regressive part of the cycle (Fig. 11). This 
Callovian regression is widely represented in the North Qiangtang Basin, 
as testified by tidal-flat mudrocks (FS3) of the Xiali Formation 
(Fig. 12C). 

The second transgressive-regressive cycle began in the late Cal-
lovian, when tidal-flat mudrocks of the Xiali Formation were replaced 
progressively by tidal flat (FS4-FS6), shoal (FS8-FS9), lagoon (FS13), 
and open shallow-marine calcareous sediments (FS14-FS17) of the lower 
Suowa Formation, and eventually by middle ramp deposits (FS18-FS19) 
of the upper Suowa Formation. Water-depth began to decrease again 
between the late Oxfordian, when the last significant carbonate layers 
were deposited (Fig. 12D), and the Kimmeridgian, when tidal flat sed-
iments of the Xueshan Formation represent the regressive part of the 
cycle widely documented around the Qiangtang Basin (Fig. 12E). 

7.2. Provenance interpretation 

7.2.1. Yanshiping area 
Sandstone petrography and detrital-zircon geochronology indicate 

that sediment provenance did not change significantly during deposition 
of the Quemocuo, Xiali, and Xueshan formations. Volcanic rock frag-
ments were seemingly derived from pre-Jurassic volcanic rocks or 
possibly recycled from volcaniclastic sandstones. The pre-Jurassic 
clusters of zircon ages at 200–300 Ma, 400–500 Ma, ~1800 Ma, and 
~2500 Ma compare well with zircon ages in rocks of the Kunlun arc and 

Hoh Xili-Songpan Ganzi terrane (Weislogel et al., 2006, 2010; L. Ding 
et al., 2013; Cheng et al., 2016). Rocks of the Central Qiangtang uplift 
zone are ruled out as a possible detrital source because they are char-
acterized by a prominent cluster at 500–1000 Ma not observed in the 
studied Jurassic sandstones (Fig. 10). 

The youngest Jurassic zircon grains are unlikely to have been derived 
from a South Qiangtang arc as previously suggested by Li et al. (2019). 
Although the Jurassic age cluster is small (2.7% and 5.1% in the Que-
mocuo and Xiali formations, respectively) its age steadily decreases 
upward (183 Ma in the Quemocuo Fm., 174 Ma in the Xiali Fm., and 164 
Ma in the Xueshan Fm., Table 1) indicating a continuous magmatic 
activity in the source. Jurassic magmatic rocks and tuffs do not occur in 
South Qiangtang, except along its southwestern edge and in the Amdo 
area (Guynn et al., 2006; Zhu et al., 2016; Liu et al., 2017; Li et al., 
2019). Because South Qiangtang was separated from North Qiangtang 
by the Central Qiangtang uplift zone, it is hard to imagine that a South 
Qiangtang arc could supply detritus to the North Qiangtang Basin. 
Moreover, regional paleogeographic evidence indicates deeper-water 
conditions in the Amdo area than in the Yanshiping area during the 
Jurassic (Fig. 12), as documented by numerous calcareous nannofossils, 
filaments, and ammonites found in the Bathonian-Callovian limestones 
of the 114 Daoban Formation in the 114 Daoban area, pointing to a deep 
outer shelf or slope environment (Chen et al., 2018). 

Jurassic magmatism may have existed in the Hoh Xil-Songpan Ganzi 
terrane (HXSG), representing a potential source area for Jurassic 

Fig. 12. Paleogeographic sketch maps of the Qiangtang Basin (modified from Wang et al., 2009; Fu et al., 2016; Ma et al., 2017).  
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siliciclastic rocks in the Yanshiping area. The HXSG terrane was not fully 
eroded at the end of the Triassic, and marine Middle-Upper Jurassic 
strata have been reported from its western part (L. Ding et al., 2013). 
Ages of detrital zircons in these Jurassic sandstones display clusters at 
152–194 Ma, ~440 Ma, and ~1890 Ma. This is similar to age spectra of 
the Xueshan Formation in the Yanshiping area (Fig. 10), although the 
152–194 Ma cluster far exceeds in size that of the Xueshan Formation. 
The reported southward to southwestward paleocurrent directions 
represent further evidence supporting the HXSG terrane as a possible 
detrital source (Leeder et al., 1988). 

7.2.2. Nadigangri area 
The coarse siliciclastic rocks of the Quemocuo Formation in the 

Nadigangri area, characterized by abundant volcanic rock fragments 
and by a youngest peak of detrital zircon ages at 201–225 Ma �
matching the age of the underlying Nadigangri volcanic rocks (Li et al., 
2007; Wang et al., 2007; Fu et al., 2010b; Zhai et al., 2013) � conclu-
sively indicate provenance from locally exposed Upper Triassic rocks of 
the Nadigangri Formation (Fig. 10). 

In the Xiali Formation, the age spectrum of detrital zircons differs 
from that of the Xiali Formation in the Yanshiping area. The 400–500 Ma 
cluster is lacking and age clusters at 170–178 Ma, 200–300 Ma, ~1800 
Ma, and 2500 Ma compare better with those of Jurassic strata in South 
Qiangtang, which are interpreted as sourced from central Qiangtang 
(Ma et al., 2017, 2018, Fig. 10). The siliciclastic rocks of the Xiali For-
mation in the Nadigangri area may have thus been derived from central 
Qiangtang as well. 

7.3. Sedimentary evolution in central Asia 

Besides continuously sustained tectonic subsidence, indicated by the 
conspicuous thickness of Jurassic strata, the facies distribution across 
the North Qiangtang Basin was largely controlled by sea-level changes. 
Although extension (Wang et al., 2019), compression (Li et al., 2001) or 
dynamic loading (Zhang et al., 2019) were responsible for the formation 
of the basin, the water-depth curve reconstructed from microfacies 
analysis is consistent with the inferred global eustatic curve. In the North 
Qiangtang Basin during the considered time window, tectonic subsi-
dence progressively decreased (Fig. 11), no magmatic activity has yet 
been reported, and sediment provenance remained remarkably constant 
(Fig. 12). This suggests that eustatism may have indeed represented a 
major control on Jurassic sedimentary evolution. 

7.3.1. Early Jurassic? to Bajocian (lower Quemocuo Fm.) 
The North Qiangtang Basin started to subside rapidly possibly from 

as early as the Early Jurassic to the early Middle Jurassic, when basal 
fluvial conglomerates and sandstones of the Quemocuo Formation were 
deposited onto Triassic or Paleozoic strata (Fig. 12A; Jiang, 1983; Yang 
and Yin, 1988; Yao et al., 2011; Zhang, 2018; Fu et al., 2020a). 

This event can be tentatively correlated across large areas of central 
Asia where Jurassic sedimentation followed the Cimmerian orogeny 
(Zanchi et al., 2009). The Jurassic unconformity and basal conglomerate 
are well documented by the Mali Formation exposed in eastern Tibet 
and in the Baoshan district of the Yunnan province (Ma, 1983; Yang and 
Yin, 1988). Farther to the west, the Iran microcontinent recorded a 
similar tectonic evolution from rifting away from Gondwana during the 
Permian to collision with Laurasia in the Late Triassic (e.g. Şeng€or et al., 
1988). In northeastern Iran and the Amu Darya Basin, Paleozoic and 
Triassic sediments are unconformably overlain by Jurassic sediments 
(Brookfield and Hashmat, 2001; Wilmsen et al., 2009), as a result of 
Cimmerian tectonic events (Fürsich et al., 2017). 

7.3.2. Late Bajocian-Bathonian (upper Quemocuo to Buqu Fms., 169–166 
Ma) 

The upper Quemocuo Formation documents a change in sedimentary 
environments from fluvial (FS1-FS2) to tidal flat (FS3, FS10), culmi-
nating with the onset of marine sedimentation (Fig. 6). This late Bajo-
cian transgression continued into the Bathonian, when carbonate-ramp 
deposition (Buqu Formation) took place not only across the North and 
South Qiangtang basins (Fig. 12B; Ma et al., 2017; Wang and Fu, 2018) 
but in central Asia as well. In the Amu Darya Basin, across 
Turkmenistan, northern Afghanistan and southern Uzbekistan, flood-
plain and lacustrine deposits passed upward to a storm-influenced ramp 
in the late Bajocian (Fürsich et al., 2017). In the Kopet Dagh mountains 
of northern Iran, marine sedimentation is also first documented in the 
late Bajocian (Fig. 11; Fürsich et al., 2009). Conformable stratigraphic 
contact, lack of provenance change, and gradual increase in water-depth 
indicate a relatively steady tectonic setting during deposition of the 
upper Quemocuo and Buqu formations (Fig. 11), which leads us to 
associate the late Bajocian transgression to the global sea-level rise at 
that time (Hallam, 2001). 

7.3.3. Callovian to Early Oxfordian (Xiali Fm., 165–160 Ma) 
During the Callovian, the Xiali Formation was deposited in tidal flats 

across the Qiangtang Basin (Fig. 12C), documenting a major regression 
which corresponds to a global sea-level drop (Hallam, 2001; Haq, 2018). 
Whereas water-depth remained below normal high tide in the North 
Qiangtang Basin during the Callovian (Chen et al., 2005), fan-delta 
conglomerates and sandstones of the Biluocuo Formation fed from 
local erosion of volcanic and volcaniclastic rocks accumulated in the 

Fig. 13. Timing chart of the petroleum system in the North Qiangtang Basin (modified after Wang et al., 2009). T3—Upper Triassic coal-bearing siliciclastic rocks; 
J2q—Quemocuo Formation; J2b—Buqu Formation; J2x—Xiali Formation; J3s—Suowa Formation; J3x—Xueshan Formation. 
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South Qiangtang Basin, where sedimentary evolution was interpreted as 
tectonically controlled (Fig. 2; Ma et al., 2017). A previous study sug-
gested that sedimentation of the Xiali Formation in the Yanshiping area 
was also tectonically controlled (Li et al., 2019), although comformable 
stratigraphic contacts with both underlying and overlying units and the 
lack of provenance change mark a clear difference with the sedimentary 
evolution recorded in South Qiangtang. This suggests that the tectonic 
setting remained relatively steady in North Qiangtang during the 
Callovian-Early Oxfordian, when sedimentation was thus probably 
controlled largely by global sea level (Fig. 11). 

7.3.4. Oxfordian to Early Kimmeridgian (Suowa Fm., 160–157 Ma) 
During the Oxfordian, the Suowa Formation documented the second 

widespread transgression from tidal-flat to mid-ramp environments, 
which also corresponds to an inferred global sea-level rise (Hallam, 
2001; Haq, 2018). The Oxfordian transgression, documented in the 
South Qiangtang Basin by shallow-marine limestones of the Suowa 
Formation (Fig. 12D; Ma et al., 2018), was recorded also in the Tajik, 
Amu Darya and Northern Iran basins (Fig. 11; Fürsich et al., 2017) and 
even as far as Europe and Greenland (Surlyk, 1991; Hallam, 2001). 

7.3.5. Latest Jurassic to Early Cretaceous (Xueshan Fm., after 157 Ma) 
The tidal-flat to deltaic deposits of the Xueshan Formation mark a 

large-scale regression across the North Qiangtang Basin (Fig. 12E; Bai, 
1989; Zhang et al., 2007). Most likely as a consequence of the 
Lhasa-Qiangtang collision (Fig. 11), the region became an elevated area 

Fig. 14. Comparison of hydrocarbon systems in the Qiangtang and Amu Darya basins. Qiangtang Basin data from Zhang et al. (2004), Liu and Zeng, 2008, Duan et al. 
(2011), W. Ding et al. (2011, 2013), Fu et al. (2016), and Yang et al. (2017). Amu Darya Basin data from Brookfield and Hashmat (2001), Ulmishek (2004), and 
Fürsich et al. (2017). 

W. Xue et al.                                                                                                                                                                                                                                     



Marine and Petroleum Geology 120 (2020) 104558

19

lacking sedimentation until the Late Cretaceous. 

7.4. Eustatic control on the North Qiangtang petroleum system 

The improved understanding of sedimentary facies can be profitably 
used to predict the distribution of reservoir and source-rock properties 
(Phelps et al., 2018). The North Qiangtang Basin is an example of a 
“self-generated and self-storing” hydrocarbon system, with global 
sea-level changes playing an important role on lithofacies distribution. 
Source rocks in the North Qiangtang Basin are dominantly Upper 
Triassic coal-bearing clastics with subordinate contributions from 
mudrocks and limestones of the Jurassic Buqu and Suowa formations 
(Wang et al., 2020). The low-energy anoxic environment formed during 
transgression favoured the accumulation of organic matter, whereas the 
subsequent shift to a higher-energy, open shallow-marine environment 
promoted the deposition on a widespread carbonate platform of 
high-quality reservoir rocks such as grainstone (Perrodon and Masse, 
1984). Reservoirs discovered in the North Qiangtang Basin are mostly 
carbonate rocks � including reef-related or granular limestones in the 
Suowa and Buqu formations (W. Ding et al., 2013; Fu et al., 2016) �
which are widely developed in epicontinental seas during transgression 
(Perrodon and Masse, 1984). The alternation of three sandstone units 
with two limestone units provides particularly favourable conditions for 
the preservation of oil and gas reservoirs (Fig. 13). Good seals may be 
represented by the Quemocuo and the Xiali formations, which largely 
consist of mudrocks deposited in floodplain and tidal flat environments, 
or by gypsum layers locally intercalated in tidal-flat deposits of the 
Quemocuo, Buqu and Xiali formations (Li et al., 2008; Yang et al., 2017; 
Song et al., 2017; Fu et al., 2020a). The traps in the Qiangtang Basin are 
mainly structural: 71 potential anticlines have been identified, which 
formed during the Late Jurassic to Early Cretaceous as a consequence of 
the Lhasa-Qiangtang collision (Fig. 13; Fu et al., 2016). 

7.5. Comparison between the north Qiangtang and Amu Darya basins 

The Amu Darya and Afghan-Tajik basins spread across Uzbekistan, 
Turkmenistan, Afghanistan, Tajikistan and Iran, are the worlds’ third 
richest area in gas after West Siberia and the Persian Gulf (Klett et al., 
1997; Ulmishek, 2004). During the Jurassic, the Amu Darya Basin was 
connected with the Afghan–Tajik Basin in the east (Fürsich et al., 2017). 
Similarly to the North Qiangtang Basin, the Amu Darya Basin was 
covered by an epicontinental sea at the southern margin of Eurasia 
during Jurassic time. Jurassic strata of the Amu Darya Basin were 
deposited unconformably onto Upper Paleozoic or Triassic basement 
rocks (Brunet et al., 2017; Fürsich et al., 2017). The coal-bearing 
Toarcian-lower Bajocian siliciclastic rocks deposited in floodplains and 
swamps represent the main source rocks in the Amu Darya Basin, ac-
counting for 75% of total hydrocarbon generation (Brookfield and 
Hashmat, 2001). The depositional environment gradually changed to 
tidal flat and marine carbonate platform during the late Bajocian, and 
the proportion of carbonate rocks progressively increased until the 
Callovian-Oxfordian, when the Amu Darya Basin became dominated by 
carbonate ramp deposits, 50% of which are reef-related and represent 
the main reservoir rocks (Ulmishek, 2004). The organic-rich mudrocks 
developed in carbonate ramp environments of the Amu Darya Basin 
during this transgression account for 10% of total hydrocarbon gener-
ation (Brookfield and Hashmat, 2001). During the Kimmeridgian to 
Tithonian, regression and a hot-dry climate resulted in the deposition of 
an up to 1000-m-thick gypsum package, which served as a major seal of 
the petroleum system (Fig. 14). 

Inasmuch as eustacy was a major control on the North Qiangtang 
Basin during the Jurassic, these eustatic changes may have affected 
synchronous deposition also in the Amu Darya Basin. Floodplain and 
coastal-plain lacustrine sediments are widely distributed in the North 
Qiangtang Basin during the early Middle Jurassic (Lower Queomcuo 
Formation) (FS2; Fig. 12), which corresponds to deposition of coal- 

bearing strata in the Amu Darya Basin (Fig. 14). Although no coal- 
bearing sediments have been reported in the Quemocuo Formation, 
Upper Triassic coal-bearing clastic rocks with good hydrocarbon gen-
eration potential (TOC>1%) could represent the corresponding source 
rocks (Wang et al., 2020). The main reservoirs in the North Qiangtang 
Basin are the reef-related limestones and grainstones of the 
Middle-Upper Jurassic Buqu and Suowa formations developed in car-
bonate ramp environments (Fu et al., 2016), which is consistent with the 
sedimentary environment and age of the main reservoirs in the Amu 
Darya Basin (Fig. 14). Besides, organic-rich mudrocks and limestones of 
the Buqu and Suowa formations are similar to the Kugitang and Baysun 
formations, which represent marine source rocks in the Amu Darya 
Basin (Fig. 14). In contrast to the Amu Darya Basin, a thick uppermost 
Jurassic gypsum-seal is lacking in the North Qiangtang Basin, where a 
potential seal is represented by local gypsum layers in the Quemocuo, 
Buqu and Xiali formations (Fig. 12 B, D), or by mudrocks interbedded in 
the Quemocuo, Xiali and Buqu formations. 

The coeval appearance of marine sedimentation in the North 
Qiangtang and Amu Darya basins produced source rocks, reservoir 
rocks, and seals. Jurassic eustatic changes may thus have played a sig-
nificant role for the development of petroleum systems in both the North 
Qiangtang and Amu Darya basins. However, the influence of global sea- 
level changes gradually diminished in the North Qiangtang Basin and 
sedimentation terminated by the end of the Jurassic as a consequence of 
the Lhasa-Qiangtang collision. Ensuing tectonic uplift and the lack of 
Lower Jurassic source rocks may explain why no continuous large-scale 
hydrocarbon trap has been found in the Qiangtang Basin so far. Instead, 
the “self-generated and self-storing” hydrocarbon system may have 
formed independent small traps in areas characterized by weak tectonic 
activity, high TOC value, and well-developed evaporite or mudrock 
seals, such as the Bandaohu and Tunamu areas in North Qiangtang (Fu 
et al., 2016). 

8. Conclusions 

The Jurassic sedimentary evolution of the North Qiangtang Basin 
documents two transgressive-regressive cycles. Detailed microfacies 
analysis indicates that the Quemocuo, Buqu, and Suowa formations 
largely consist of tidal-flat to mid-ramp strata deposited during trans-
gression, whereas the Xiali and Xueshan formations mainly consist of 
regressive tidal-flat to deltaic sediments. Source areas of Jurassic silici-
clastic rocks in the Yanshiping area were the Hoh Xili-Songpan Ganzi 
terrane and Kunlun arc, whereas detritus in the Quemocuo and Xiali 
formations of the Nadigangri area was derived from local Upper Triassic 
volcanic rocks and central Qiangtang. 

The multidisciplinary assessment of water-depth, tectonic subsi-
dence, and provenance changes, together with a comparison with other 
Jurassic basins in central Asia, led us to conclude that the sedimentary 
evolution in the North Qiangtang Basin was largely controlled by 
eustatic changes. Similarities of Jurassic marine sedimentary succes-
sions and hydrocarbon systems between the North Qiangtang Basin and 
the Amu Darya Basin suggest that eustatic changes controlled the 
source-reservoir-seal system. The Late Jurassic-Early Cretaceous Lhasa- 
Qiangtang collision, however, resulted in a different seal quality be-
tween the Qiangtang Basin and Amu Darya Basin. 
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