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Geometry and Evolution of the 
Cangdong Sag in the Bohai Bay 
Basin, China: Implications for 
Subduction of the Pacific Plate
Liang Luo1,2, Jiafu Qi1,2, Hongxiang Li3, Yueqi Dong3, Shuai Zhang1,2, Xichen Zhang1,2, Xiaoxia 
Yu1,2 & Lingyan Luo1,2

The Cangdong Sag is a complex Cenozoic rift basin at the center of the Bohai Bay Basin. Cenozoic 
structures in the Cangdong Sag can be subdivided into the Cangdong Fault System in the west and 
the Xuxi Fault System in the east. The geometry of the boundary faults varies along the axes of half-
grabens. According to the cross-sectional strata geometry, unconformity and planar structural pattern, 
the Cenozoic structural evolution of the Cangdong Sag can be divided into four distinct stages: (1) 
major Paleocene initial rift, (2) latest Paleocene–early Eocene intensive rift, (3) late Eocene–Oligocene 
strike–slip superimposed rift, and (4) Neogene to present-day post-rift depression. The extensional 
deformation was mainly derived from horizontal stress induced by the upwelling of asthenosphere. The 
strike–slip structure of the Cangdong Sag provides important information related to the subduction 
of the Western Pacific Plate. It was found that the strike–slip movement of the southern Xuxi Fault 
Zone was activated during the deposition of the third member of Shahejie Formation to the Dongying 
Formation; therefore, ~43 Ma probably marks the time when the Western Pacific Plate initially changed 
its subduction direction from northwest to nearly west.

According to the distribution of Paleogene deposits, the Bohai Bay Basin in the East China can be subdivided into 
eight depressions and five uplifts1,2. Generally, the depressions consist of several sags that are filled with relatively 
thick Paleogene deposits, separated by uplifts that are covered with thinner Paleogene deposits. The depressions 
and sags are commonly bounded by normal faults on one or several sides. The Cangdong Sag belongs to the 
Huanghua Depression and is located in Tianjin and Hubei. The sag is bordered by the Cangxian Uplift to the west 
and the Xuhei Uplift to the east (Fig. 1b).

The Cangdong Sag is a superimposed basin formed during the Mesozoic and Cenozoic. The prototype of 
Mesozoic basin is not clearly identified. The Cangdong Sag developed as a part of the Bohai Bay Basin since the 
Paleogene. The strata sequences are characteristic of a typical depression basin, that is, comprising early-stage 
faults with sediments of different thickness and late-stage thermal subsidence with widely distributed sedi-
ments. Petroleum exploration data have revealed that the sag can be subdivided into three tectonostratigraphic 
levels2 (Fig. 2). The pre-Cenozoic basement, which is dissected by many faults, comprises sedimentary and 
crystalline-metamorphic rocks. The composition of the Paleogene sequences is lacustrine, with alluvial sedi-
mentary rocks intercalated with oil shale. The Paleogene strata include the Kongdian Formation (subdivided 
into three members, Ek1, Ek2, and Ek3, of which Ek1 can be further subdivided into the lower and upper portions, 
Ek1x and Ek1s), the Shahejie Formation (subdivided into four members, Es1, Es2, Es3, and Es4), and the Dongying 
Formation, which is deposited on the faulted basement. Because of large-area regression in the Huanghua depres-
sion after transgression during the deposition of Kongdian Formation, Es4 is absent in the Cangdong Sag, and the 
contact relationship between the Es3 and the Kongdian Formation is a disconformity2. The Neogene–Quaternary 
sequences (Guantao Formation, Minghuazhen Formation and Pingyuan Formation), which are dominated by 

1State Key Laboratory of Petroleum Resources and Prospecting, China University of Petroleum, Beijing, 102249, 
China. 2College of Geosciences, China University of Petroleum, Beijing, 102249, China. 3Exploration and 
Development Research Institute of Dagang Oilfield Company, Tianjin, 300280, China. Correspondence and requests 
for materials should be addressed to L.L. (email: luoliang1225@163.com)

Received: 15 May 2017

Accepted: 1 November 2017

Published: xx xx xxxx

OPEN

mailto:luoliang1225@163.com


www.nature.com/scientificreports/

2SCiEntifiC REporTS | 7: 15393  | DOI:10.1038/s41598-017-15759-x

fluvial and alluvial fan sediments, are deposited over the whole basin and cover the syn-rift successions, which are 
separated by a regional unconformity above the Dongying Formation3,4.

The formation and development mechanisms of the Bohai Bay Basin and its subbasins during the Cenozoic 
are still highly debated2,5–17. Nevertheless, according to the special tectonic location of the Bohai Bay Basin on 
the Eurasian Plate (Fig. 1a), it is widely accepted that the Cenozoic structure is related to the surrounding plate 
movements, including that of the Pacific Plate and Indian Plate2,9,10,12,15,18–22. Therefore, the structural architecture 
and kinematics of the Cangdong Sag should provide important information related to the adjacent plate motion. 
In this paper, we use high-quality 3D and 2D seismic data to discuss the key geological issues related to the geom-
etry, evolution, and geodynamics of the Cangdong Sag. We also analyze the strike–slip process of the Cangdong 
Sag and discuss its relation to the subduction of the Western Pacific Plate beneath the Eurasian Plate.

Method
Our structural map and cross-sections are based on an integrated analysis of a substantial database, consisting 
of 3D and 2D seismic reflection data. The seismic data were obtained from the Exploration and Development 
Research Institute of Dagang Oilfield Company. Through redefinition of the coordinate of shot point and receiver 
point, denoise, amplitude compensation, deconvolution, velocity analysis and statics, common-midpoint gather 
(CMP gather) was achieved from the demultiplex field data. Velocity in depth domain was converted from RMS 
velocity field. Common reflector gather (time or depth) can be migrated from CMP gather and velocity field (time 
or depth). Finally, prestack time migration section and prestack depth migration section were stacked from com-
mon reflector gather (time and depth respectively). Similar processing flows have been effective for crustal-scale 
reflection seismic studies23–25. According to synthetic seismograms, six layers (the bottoms of the Ek3, Ek1x, Ek1s, 
Es3, Es1 and Ng) were calibrated (Figs 3, 4 and 5). The 3D seismic data were interpreted at a 400 m × 400 m density.

Geometry and Evolution of the Cangdong Sag.  The typical structure of a rift basin is an extensional 
fault system. Major normal faults, synthetic or antithetic secondary faults, and transverse transfer faults may 
be strongly or weakly linked with, or terminated by, detachment faults26. The linked extensional fault systems 
play an important role in controlling the deposition of syn-rifting sequences27. The major normal faults within 
allochthons are regarded as “active” structures during basin evolution, whereas transverse and oblique struc-
tures are regarded as “passive” structures28,29, and all of these structures should be considered structural elements 

Figure 1.  (a) Regional tectonic framework and location of the Bohai Bay Basin (modified from Qi & Yang2). (b) 
Cenozoic structural map of the Bohai Bay Basin (modified from Qi & Yang2) and the location of the Cangdong 
Sag in the Huanghua Depression. (1) Shenyang–Weifang Fault Zone; (2) Huanghua–Dezhou–Dongming Fault 
Zone; (3) Baxian–Shulu–Handan Fault Zone. (c) Structural map of the bottom of Ek2 of the Cangdong Sag. 
Figure 1c was generated using the LandMark software (Version 2003) (https://www.landmark.solutions/).

https://www.landmark.solutions/


www.nature.com/scientificreports/

3SCiEntifiC REporTS | 7: 15393  | DOI:10.1038/s41598-017-15759-x

of extensional fault systems26,30. Generally, the major boundary faults of half-grabens or asymmetric full gra-
bens are basement-involved normal faults, and the synthetic and/or antithetic secondary faults include both 
basement-involved and cover-transected normal faults at different scales.

The structure and deposition of the Cangdong Sag were mainly controlled by two basin-margin NE–trending 
extensional faults: Cangdong Fault to the west and Xuxi Fault to the east (Fig. 1c). On the basis of the distribution, 
attitude, and relationship between the faults and the sag, the Cenozoic structures within the Cangdong Sag can be 
subdivided into the Cangdong Fault System and Xuxi Fault System. Along the axes of half-grabens, the geometry 
of boundary faults is variable (Figs 3 and 4). In the northern part of the Cangdong Sag, the Cangdong and Xuxi 

Figure 2.  Cenozoic strata and basin evolution of the Cangdong Sag. The map was produced using the 
CorelDRAW (Version X7) (http://www.corel.com/cn/).

Figure 3.  Seismic profile in the northern region of the Cangdong Sag (for line location, see Fig. 1c). The seismic 
profile was interpreted using the LandMark software (Version 2003) (https://www.landmark.solutions/).

http://www.corel.com/cn/
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Faults are characterized by a listric shape and a detachment within the basement. Although in cross-section the 
two faults each display a planar normal structure in the southern region, the Cangdong Fault is gently dipping 
and the Xuxi Fault is steep. The majority of faults in the Cangdong Fault System are NE–ENE–trending (Fig. 1c), 
with a series of rotational planar secondary faults forming a domino-style half-graben system above the deep 
Cangdong detachment fault (Figs 3 and 4). The secondary faults are mainly parallel to the Xuxi Fault in the 
northern Xuxi Fault System (Fig. 1c). The consistent regional structural pattern allows us to infer a right-lateral 
strike–slip for the southern Xuxi Fault System. The structural association of the steep basement-involved Xuxi 
Fault and the cover-transected relatively low-angle normal faults displays a negative “flower structure”31 in the 
seismic cross-section (Fig. 4). In addition, the structural map of the bottom of Ek2 indicates that a set of subordi-
nate en echelon normal faults occur in a left-stepping pattern and oblique to the Xuxi Fault (Fig. 1c). The azimuths 
of these structures are consistent with a right-lateral strike–slip strain ellipse32 (Fig. 1c).

Figure 4.  Seismic profile in the southern region of the Cangdong Sag (for line location, see Fig. 1c). The seismic 
profile was interpreted using the LandMark software (Version 2003) (https://www.landmark.solutions/).

Figure 5.  Seismic profile perpendicular to the strike of subordinate en echelon normal faults oblique to the 
Xuxi Fault in the Cangdong Sag (for line location, see Fig. 1c). The seismic profile was interpreted using the 
LandMark software (Version 2003) (https://www.landmark.solutions/).

https://www.landmark.solutions/
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Generally, strata geometry is controlled by the extensional fault activity in the rift basin. The growth strata 
become thinner away from the extensional fault, whereas the thickness of pre-growth strata is consistent. The 
pre-Cenozoic can be regarded as the pre-rift Megasequence13. The regional unconformity between the Paleogene 
and Neogene deposits represents an important tectonic event that marks the termination of the rift stage and the 
beginning of post-rift depression stage2. Some of the faults cut into the Neogene sequences; however, they were 
not growth faults and had no influence on deposition during the Neogene (Figs 3 and 4). During the deposition 
of Ek3 to Ek1x, strata thickness was relatively consistent (Figs 3 and 4), indicating that the deposition sequences 
were not dominantly controlled by faults. This stage can be regarded as an initial rift. The syn-depositional exten-
sional faults were mainly developed from the Ek1s to the Dongying Formation, and the sequences within the sag 
commonly display a wedge-shaped geometry (Figs 3 and 4). This can be interpreted as an intensive rift basin 
developed in the hanging walls of detachment faults. The wedge-shaped geometry is more visible in the northern 
Cangdong Sag (Figs 3 and 4), which indicates that rifting was concentrated in the northern region.

One representative seismic profile approximately perpendicular to the strike of subordinate en echelon normal 
faults oblique to the Xuxi Fault was chosen and interpreted (Figs 1c and 5). The wedge-shaped geometry of the Es3 
to the Dongying Formation indicates that the typical characteristics of these faults and the right-lateral movement 
of the Xuxi Fault developed during the late Eocene–Oligocene. Although the strike–slip system affected local dep-
osition in the southern Cangdong Sag, it did not produce a visible pull-apart basin. The right-lateral strike–slip 
characteristic was superimposed on the extensional Xuxi Fault Zone during the late Eocene–Oligocene, and this 
can be interpreted as a strike–slip superimposed rift basin.

Based on the above description, the depression process of the Cangdong Sag continued from Paleocene to 
Quaternary. However, different from common rift basin, which is characterized by two stages of rift and post-rift 
thermal subsidence, the Cangdong Sag shows a strike–slip activity during the deposition of the Es3 to the 
Dongying Formation. Therefore, the Cenozoic structural evolution of the Cangdong Sag can be divided into four 
distinct stages (Figs 2 and 6): (1) major Paleocene initial rift, (2) latest Paleocene–early Eocene intensive rift, (3) 
late Eocene–Oligocene strike–slip superimposed rift, and (4) Neogene to present-day post-rift depression.

Discussion and Conclusion
Extensional faults are widespread and penetrate the entire Cangdong Sag, whereas strike–slip faults with their 
associated structural elements are concentrated in the southern Xuxi Fault System. The major extensional faults 
were initiated in the latest Paleocene, and extensional deformation essentially ceased by the end of the Oligocene. 
The right-lateral strike–slip system was evidently initiated in the late Eocene, and strike–slip deformation maybe 
continued into the Neogene or even the Quaternary13. As the Cenozoic strike–slip fault coincides with the exten-
sional fault in terms of strikes, the strike–slip and extensional deformations are not compatible in a theoretically 
unified regime21. Therefore, Cenozoic structural deformation in the Cangdong Sag is a result of superposition of 
multiple processes.

Figure 6.  The sketch showing dynamic mechanism of the Cenozoic Cangdong Sag. The map was produced 
using the CorelDRAW (Version X7) (http://www.corel.com/cn/).

http://www.corel.com/cn/
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The dynamic mechanism of Cenozoic rifting in the Bohai Bay Basin is debatable. As presented by various 
researchers2,9,10,14,15,17,18,20,22,33,34, it might be derived from (i) subduction of the Pacific Plate beneath the Eurasian 
Continent, (ii) eastward lateral escape due to collision between the Indian Plate and the Eurasian Plate, or (iii) 
thermal diapirism beneath the continental plate. Driving of the extensional stress field in the plate interior by 
the inter-motion of plates along their boundary is difficult, especially in the region distant from the plate boundary, 
therefore, this probably originated from the bottom of lithosphere35. We are inclined to accept the dynamic model 
proposed by Qi & Yang2. The active rifting process in the Cangdong Sag was succeeded by a passive shearing process 
along the deep fracture zone during the Cenozoic. As the lithosphere warmed due to the asthenospheric upwelling, 
expansion of the lithosphere counteracted the effect of the regional compression force transmitted from the plate 
boundary, thereby inducing lithosphere extension (Fig. 6). One prominent evidence is that intensive basic volcanism 
was developed during the Ek1 to Ed in the Huanghua Depression, which can be the thermal origin.

The strike–slip fault system in the Cangdong Sag probably resulted from a regional stress field induced by adjacent 
plate movement, which can be related to the subduction of the Western Pacific Plate to the east or the collision of the 
Indian Plate to the west. There are three regional NE–NNE–trending right-lateral strike–slip fault zones in the Bohai 
Bay Basin: Shenyang–Weifang Fault Zone, Huanghua–Dezhou–Dongming Fault Zone, and Baxian–Shulu–Handan 
Fault Zone (from east to west) (Fig. 1b). The Shenyang–Weifang Fault Zone forms part of the Tanlu Deep Fault Zone, 
which is the most important fault zone in East China. The Tanlu Fault was initiated with left-lateral strike–slip at 
least during the Mesozoic36,37, and the Cenozoic activity transferred from transtension to transpression in the Liaohe 
Western Depression21,38–40. The deep fault zones gradually decrease in size, intensity, and continuity from east to west2, 
indicating that the force was generated from the east. In addition, the Bohai Bay Basin occupies an intracontinental 
position approximately 2,000 km from the Himalayas. Therefore, we suggest that the driving force for strike–slip in the 
southern Cangdong Sag originated from the subduction of the Western Pacific Plate beneath the Eurasian Plate.

Owing to the Hawaiian–Emperor bend, it is widely recognized that the Western Pacific Plate changed its 
subduction direction from northwest to nearly west in the Cenozoic (Fig. 1a); however, the timing of this change 
is controversial, with estimates of about 43 Ma41–45 and about 50 Ma in some recent studies46,47. The right-lateral 
movement of the NE–trending strike–slip fault zone in the Cangdong Sag was triggered by the shear stress 
component of the nearly E–W subduction of the Western Pacific Plate relative to the Eurasian Plate (Fig. 1c). 
Therefore, the strike–slip fault system may provide important information with which to confirm the time when 
the subduction direction of the Western Pacific Plate changed. Based on the strata geometry adjacent to the en ech-
elon normal faults, strike–slip faulting was initiated during the deposition of Es3 (approximately 42–38 Ma) (Fig. 6), 
which indicate that the Western Pacific Plate changed its subduction direction probably at about 43 Ma (Fig. 1a).

References
	 1.	 Guo, X. W. et al. Cenozoic subsidence in Bohai Bay basin: characteristics and dynamic mechanism. Geotectonica et Metallogenia 31, 

273–80 (2007).
	 2.	 Qi, J. F. & Yang, Q. Cenozoic structural deformation and dynamic processes of the Bohai Bay basin province, China. Marine and 

Petroleum Geology 27, 757–771 (2010).
	 3.	 Huang, H. P. & Peason, M. J. Source rock palaeoenvironments and controls on the distribution of dibenzothiophenes in lacustrine 

crude oils, Bohai Bay basin, eastern China. Organic Geochemistry 30, 1455–1470 (1999).
	 4.	 Hu, S. B., Paul, B., O’ Sullivan, A. R. & Barry, P. K. Thermal history and tectonic subsidence of the Bohai Basin, northern China: a 

Cenozoic rifted and local pull apart basin. Physics of the Earth and Planetary Interiors 126, 221–35 (2001).
	 5.	 Molnar, P. & Tapponnier, P. Cenozoic tectonics of Asia: effects of a continental collision. Science 189, 101–122 (1975).
	 6.	 Nabelek, J., Chen, W. & Ye, H. The Tangshan earthquake sequence and its implications for the evolution of the North China basin. 

Journal of Geophysical Research 92, 12615–12628 (1987).
	 7.	 Ye, H., Zhang, B. & Mao, F. The Cenozoic tectonic evolution of the Great North China: two types of rifting and crustal necking in the 

Great North China and their tectonic implication. Tectonophysics 133, 217–277 (1987).
	 8.	 Chen, W. P. & Nabelek, J. Seismogenic strike-slip faulting and the development of the North China basin. Tectonics 7, 975–989 (1988).
	 9.	 Northrup, C. J., Royden, L. H. & Burchfiel, B. C. Motion of the Pacific plate relative to Eurasia and its potential relation to Cenozoic 

extension along the eastern margin of Eurasia. Geology 23, 719–722 (1995).
	10.	 Allen, M. B., Macdonald, D. I. M., Xun, Z., Vincent, S. J. & Brouet-Menzies, C. Early Cenozoic two-phase extension and late 

Cenozoic thermal subsidence and inversion of the Bohai Basin, northern China. Marine and Petroleum Geology 14, 951–972 (1997).
	11.	 Yin, A. Mode of Cenozoic east-west extension in Tibet suggesting a common origin of rifts in Asia during the Indo-Asian collision. 

Journal of Geophysical Research 105, 21745–21760 (2002).
	12.	 Zhang, Y., Ma, Y., Yang, N., Shi, W. & Dong, S. Cenozoic extensional stress evolution in North China. Journal of Geodynamics 36, 

591–613 (2003).
	13.	 Hsiao, L. Y., Graham, S. A. & Tilander, N. Seismic reflection imaging of a major strike-slip fault zone in a rift system: Paleogene 

structure and evolution of the Tan-Lu fault system, Liaodong Bay, Bohai, offshore China. AAPG Bulletin 88, 71–97 (2004).
	14.	 Liu, M., Cui, X. & Liu, F. Cenozoic rifting and volcanism in eastern China: a mantle dynamic link to the Indo–Asian collision? 

Tectonophysics 393, 29–42 (2004).
	15.	 Schellart, W. P. & Lister, G. S. The role of the East Asian active margin in widespread extensional and strike-slip deformation in East 

Asia. Journal of Geological Society, London 162, 959–972 (2005).
	16.	 Li, L., Zhao, L., Liu, H. J. & Fang, X. Y. Late Mesozoic to Cenozoic extensional and strike-slip structures and deep background of 

Bohai Bay basin. Chinese. Journal of Geology 50(2), 446–72 (2015).
	17.	 Yu, F. S. & Koyi, H. Cenozoic tectonic model of the Bohai Bay Basin in China. Geological Magazine 153, 866–886 (2016).
	18.	 Allen, M. B., Macdonald, D. I. M., Xun, Z., Vincent, S. J. & Brourt-menaies, C. Transtensional deformation in the evolution of Bohai 

Basin, northern China. Geological Society of London, Special Publication 135, 215–229 (1998).
	19.	 Yang, Y. T. & Xu, T. G. Hydrocarbon habitat of the offshore Bohai basin, China. Marine and Petroleum Geology 21, 691–708 (2004).
	20.	 Li, S. et al. Cenozoic faulting of the bohai bay basin and its bearing on the destruction of the eastern north china craton. Journal of 

Asian Earth Sciences 47, 80–93 (2012).
	21.	 Li, Z. et al. Structural deformation and evolution of right-lateral strike-slip tectonics of the liaohe western depression during the 

early cenozoic. Journal of Asian Earth Sciences 77, 1–11 (2013).
	22.	 Liang, J., Wang, H., Bai, Y., Ji, X. & Duo, X. Cenozoic tectonic evolution of the bohai bay basin and its coupling relationship with 

pacific plate subduction. Journal of Asian Earth Sciences 127, 257–266 (2016).
	23.	 Tryggvason, A., Malehmir, A., Rodriguez-Tablante, J. & Juhlin, C. Reflection seismic investigations in the western part of the 

Paleoproterozoic VHMS-bearing skellefte district, Northern Sweden. Economic Geology 101, 1039–1054 (2006).



www.nature.com/scientificreports/

7SCiEntifiC REporTS | 7: 15393  | DOI:10.1038/s41598-017-15759-x

	24.	 Malehmir, A. et al. Reflection seismic investigations in the Dannemora area, central Sweden: Insights into the geometry of polyphase 
deformation zones and magnetite-skarn deposits. Journal of Geophysical Research Solid Earth 116, 987–998 (2011).

	25.	 Malehmir, A. et al. A review of reflection seismic investigations in three major metallogenic regions: the Kevitsa Ni–Cu–PGE district 
(Finland), Witwatersrand goldfields (South Africa), and the Bathurst Mining Camp (Canada). Ore Geology Reviews 56, 423–441 (2014).

	26.	 Gibbs, A. D. Linked fault families in basin formation. Journal of Structural Geology 4, 795–803 (1990).
	27.	 Dawers, N. H. & Underhill, J. R. The role of fault interaction and linkage in controlling syn-rift stratigraphic sequences: late Jurassic, 

Statfjord East area, northern North Sea. AAPG Bulletin 84, 45–46 (2000).
	28.	 Morley, C. K., Nelson, R. A., Patton, T. L. & Munn, S. G. Transfer zones in the East African Rift system and their relevance to 

hydrocarbon exploration in rifts. AAPG Bulletin 74, 1234–1353 (1990).
	29.	 Fauld, J. E. & Varga, R. J. The role of accommodation zones and transfer zones in the regional segmentation of extended terranes. 

Geological Society of America Special Paper 323, 1–46 (1998).
	30.	 Gibbs, A. D. Structural styles in basin formation, in Extensional tectonics and stratigraphy of the North Atlantic margins. AAPG 

Memoir 46, 81–93 (1989).
	31.	 Harding, T. P. & Lowell, J. D. Structural styles, their plate tectonic habitats and hydrocarbon traps in petroleum province. AAPG 

Bulletin 63, 582–600 (1979).
	32.	 Wilcox, R. E., Harding, T. P. & Seely, D. R. Basic wrench tectonics. AAPG Bulletin 57, 74–96 (1973).
	33.	 Ren, J. Y., Tamaki, K., Li, S. T. & Zhang, J. X. Late Mesozoic and Cenozoic rifting and its dynamic setting in Eastern China and 

adjacent areas. Tectonophysics 344, 175–205 (2002).
	34.	 Liu, Q., He, L., Huang, F. & Zhang, L. Cenozoic lithospheric evolution of the bohai bay basin, eastern north china craton: constraint 

from tectono-thermal modeling. Journal of Asian Earth Sciences 115, 368–382 (2016).
	35.	 Ziegler, P. & Cloetingh, S. Dynamics processes controlling evolution of rifted basins. Earth-Science Reviews 64, 1–50 (2004).
	36.	 Gilder, S. A. et al. Tectonic evolution of the Tancheng-Lujiang (Tan-Lu) fault via Middle Triassic to Early Cenozoic paleomagnetic 

data. J. Geophys. Res. 104, 365–390 (1999).
	37.	 Grimmer, J. C. et al. Cretaceous-Cenozoic history of the southern Tan-Lu fault zone: apatite fission-track and structural constraints 

from the Dabie Shan (eastern China). Tectonophysics 359, 225–253 (2002).
	38.	 Yu, Z. H., Wu, S. G., Zou, D. B., Feng, D. Y. & Zhao, H. Q. Seismic profiles across the middle Tan-Lu fault zone in Laizhou Bay, Bohai 

Sea, eastern China. Journal of Asian Earth Sciences 33, 383–394 (2008).
	39.	 Tong, H. M., Yu, F. S. & Geng, C. B. Characteristics and evolution of strike-slip tectonics of the Liaohe Western Sag, Bohai Bay Basin. 

Petroleum Science 5, 223–229 (2008).
	40.	 Yin, A. Cenozoic tectonic evolution of Asia: a preliminary synthesis. Tectonophysics 488, 293–325 (2010).
	41.	 Dalrymple, G. B. & Clague, D. A. Age of the Hawaiian-Emperor bend. Earth and Planetary Science Letters 31, 313–329 (1976).
	42.	 Engebretson, D. C., Cox, A. & Gordon, R. G. Relative motions between oceanic and continental plates in the Pacific basin. Geological 

Society of America Special Paper 206, 1–60 (1985).
	43.	 Clague, D. A. & Dalrymple, G. B. The Hawaiian-Emperor volcanic chain: Part I. Geologic evolution. U.S. Geol. Surv. Prof. Paper 

1350, 5–54 (1987).
	44.	 Stock, J. M. & Molnar, P. Revised history of early Tertiary plate motion in the southwest Pacific. Nature 325, 495–499 (1987).
	45.	 Koppers, A. A. P., Morgan, J. P., Morgan, J. W. & Staudigel, H. Testing the fixed hotspot hypothesis using 40 Ar/39 Ar age progressions 

along seamount trails. Earth and Planetary Science Letters 185, 237–252 (2001).
	46.	 Sharp, W. D. & Clague, D. A. 50-Ma initiation of hawaiian-emperor bend records major change in Pacific plate motion. Science 313, 

1281–1284 (2006).
	47.	 O’ Connor, J. M. et al. Constraints on past plate and mantle motion from new ages for the Hawaiian-Emperor Seamount Chain. 

Geochemistry Geophysics Geosystems 14, 4564–4584 (2013).

Acknowledgements
This work has been supported by the Science Foundation of China University of Petroleum, Beijing (No. 
ZX20150066) and the National Natural Science Foundation of China (Grant No. U1663203). The study was also 
financially sponsored by the Foundation of State Key Laboratory of Petroleum Resources and Prospecting, China 
University of Petroleum (No. PRP/indep-2–1501). This research was supported by the Dagang Oilfield Company. 
The use of data and information involved in this article has been agreed by the Dagang Oilfield Company. Three 
anonymous reviewers along with editor Alireza Malehmir are gratefully thanked for thorough and constructive 
reviews. LandMark (Version 2003) (https://www.landmark.solutions/) was used for the seismic interpretation. All 
the maps were produced using the CorelDRAW (Version X7) (http://www.corel.com/cn/).

Author Contributions
L.L., J.F.Q. and H.X.L. collected and interpreted the 3D and 2D seismic data. Y.Q.D. converted the time seismic 
section into depth seismic section. L.L., S.Z., X.C.Z., and X.X.Y. completed the data analysis and drawing work. 
L.L. and L.Y.L. contributed to the writing of the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-15759-x.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

https://www.landmark.solutions/
http://www.corel.com/cn/
http://dx.doi.org/10.1038/s41598-017-15759-x
http://creativecommons.org/licenses/by/4.0/

	Geometry and Evolution of the Cangdong Sag in the Bohai Bay Basin, China: Implications for Subduction of the Pacific Plate

	Method

	Geometry and Evolution of the Cangdong Sag. 

	Discussion and Conclusion

	Acknowledgements

	Figure 1 (a) Regional tectonic framework and location of the Bohai Bay Basin (modified from Qi & Yang2).
	Figure 2 Cenozoic strata and basin evolution of the Cangdong Sag.
	Figure 3 Seismic profile in the northern region of the Cangdong Sag (for line location, see Fig.
	Figure 4 Seismic profile in the southern region of the Cangdong Sag (for line location, see Fig.
	Figure 5 Seismic profile perpendicular to the strike of subordinate en echelon normal faults oblique to the Xuxi Fault in the Cangdong Sag (for line location, see Fig.
	Figure 6 The sketch showing dynamic mechanism of the Cenozoic Cangdong Sag.




