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Abstract The Sichuan basin is the main part of the

middle-upper Yangtze block, which has been experienced a

long-term tectonic evolution since Archean. The Yangtze

block was regarded as a stable block until the collision with

the Cathaysia block in late Neoproterozoic. A new deep

seismic reflection profile conducted in the eastern Sichuan

fold belt (ESFB) discovered a serials of south-dipping

reflectors shown from lower crust to the mantle imply a

frozen subduction zone within the Yangtze block. In order

to prove the speculation, we also obtain the middle-lower

crustal gravity anomalies by removing the gravity anoma-

lies induced by the sedimentary rocks and the mantle

beneath the Moho, which shows the mid-lower crustal

structure of the Sichuan basin can be divided into eastern

and western parts. Combined with the geochronology and

Aeromagnetic anomalies, we speculated the Yangtze block

was amalgamated by the West Sichuan and East Sichuan

blocks separated by the Huayin-Chongqing line. The fro-

zen subduction zone subsequently shifted to a shear zone

accommodated the lower crustal shortening when the

decollement at the base of the Nanhua system functioned in

the upper plate.

Keywords Sichuan basin � Frozen subduction � Deep
seismic reflection � Gravity anomaly

1 Introduction

Deep seismic profiling images the frozen subduction zone

within the continental lithosphere, including the first dis-

covery of the Paleoproterozoic subduction-related structure

in the Svecofennian orogen (1.89 Ga) (BABEL Working

Group 1990), the oldest relict suture associated with sub-

duction (2.69 Ga) (Calvert et al. 1995), and other relict

plate convergence, subduction or accretion (Cook et al.

1999; Juhlin et al. 2002; Warner et al. 1996; White et al.

2000; Yuan et al. 2003). The seismic reflectors which

extend from lower crust, cross the Moho, and dip and

penetrate the mantle are widely suggested to be the relict

subduction zones, in particular in the stable cratons

(Warner et al. 1996), which did not undergo strong post-

collisional deformation or magmatism. Yangtze block, one

of the two main units of South China continent that was

amalgamated by Yangtze and Cathaysia blocks at ca.

0.82 Ga (Charvet 2013; Zhao and Cawood 2012), has the

Archean basement outcropped in northwestern and south-

western parts and George dam area (Greentree and Li

2008; Qiu et al. 2000; Wu et al. 2012), Yangtze block was

thought to be a stable block since the early Precambrian,

nevertheless, the Sm-Nd dating and geochemical research

of the Yangtze block unraveled the distinctive difference

features between the northern and the southern part (Wu

et al. 2012), which inspired the debate of the Yangtze block

as a stable unit.

From October 2010 to May 2011, we acquire a 550 km

deep seismic reflection profile from the sub-project of Deep

Exploration in China (SinoProbe02), with high-quality to
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reveal reflective holistic crust. The most unexpected crustal

structure revealed is the prolonging and east-dipping of the

middle-lower crustal reflectors into the mantle shown

beneath the eastern Sichuan fold belt (ESFB) in the west-

ernmost 90-km-long seismic reflection profile. The finding

is in consistent with the result of the deep seismic reflection

profile to the north of this survey line (Gao et al. 2013).

Gravity anomalies is a useful method to study the crustal

density distribution structure and tectonics. We stripped the

gravity anomalies induced by the sedimentary rocks and

the mantle beneath the Moho to obtain the residual gravity

anomalies, which represent the inhomogeneous density

distribution of the middle-lower crust of the basin. The

result verified the discovery of the deep seismic reflection

profile (Xiong et al. 2015b).

2 Regional geology

As one of the largest and most complex Archean blocks in

China, the Yangtze block consists of Archean-Paleopro-

terozoic crystalline basement (mostly hidden) surrounded

by late Mesoproterozoic to early Neoproterozoic fold belts,

which are locally unconformably overlain by middle Neo-

proterozoic weakly metamorphosed strata and late Neo-

proterozoic unmetamorphosed Sinian cover (Zhao and

Cawood 2012). The exposed basement consists dominantly

of Proterozoic rocks, only sparse outcrops of Archean rocks

along the western and northern margins of the Yangtze

Block (Fig. 1). With the development of isotopic analytical

technology, nevertheless, more and more Archean crustal

materials have been identified (Jiao et al. 2009; Qiu et al.

2000; Zheng et al. 2006), which suggests that older base-

ment may be widespread beneath the many parts of the

Yangtze block (Wang et al. 2013; Zhang et al. 2006a; Zheng

et al. 2006), the Lengjiaxi and equivalent group, used-con-

sidered Mesoproterozoic, are Neoproterozoic according to

SHRIMP dating with a limit at 0.82 Ga overlying by the

Banxi group (0.82–0.75 Ga), the folded basement of the

Yangtze block finalized after the Jinning movement (Guo

et al. 1980; Zhou and Zhu 1993; Charvet et al. 1996, 2013),

on top of which are over 10-km thick sedimentary rocks

covered most of the Yangtze block from Neoproterozoic to

Cenozoic, including Nanhua system (0.75–0.635 Ga),

Sinian (Ediacaran) system (0.635–0.542) and the Phanero-

zoic strata. The ESFB was typical thin-skinned thrust belt,

with two types of compressive deformation structure: the

Chevron anticline (box syncline) type to the northwest and

the chevron syncline (box anticline) type to the southeast

separated by the Qiyue fault on the surface. The core of the

comb-like folds is Triassic layers, and the limbs of the folds

are Jurassic layers outcropped (Fig. 2).

Fig. 1 Geological map of the Sichuan basin and adjacent regions (modified from 1:1000,000 geological map of China, http://ogc.cgs.gov.cn)
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3 Seismic profiling

The 90 km seismic profile is from Jiangjin, Chongqing, and

continues southeastward to the east of Nanchuan,

Chongqing. It mainly contains two tectonic elements,

including the Chevron anticline (box syncline) type to the

northwest and the chevron syncline (box anticline) type to

the southeast separated by the Qiyue fault.

3.1 The acquisition and processing of the seismic

profile

It was recorded with a Sercel 408XL acquisition system

using 12 m long linear arrays of 24 geophones deployed

every 40 m, the shots with 48, 100 and 500 kg were

deployed spacing 280, 1000 and 5000 m respectively, the

single-hole was drilled 30 m deep, and the recording length

is 30 s (Table 1). A conventional processing sequence was

applied to the data: refraction statics, crooked line binning,

minimum phase conversion, dynamic equalization, spiking

deconvolution, velocity analysis, normal moveout mute,

surface consistent residual statics and post-stack migration.

This acquisition and processing methods permit the

detailed crustal features.

3.2 The main features of the seismic profile

The seismic profile shows four significant features (Fig. 3): (1)

the strong deformed sedimentary cover underlain by the

regional structural unconformity at a depth of *10 km

(3.5 s); (2) the transparentmiddle crustwith someweakdown-

to-south reflectors; (3) southward-dipping reflectors from the

lower crust to the lithosphere mantle in the northernmost

segment and near-horizontal reflectors in the middle segment;

(4) the laminated reflectors at the base of the lower crust.

3.2.1 Sedimentary cover (\12 km)

A regional structural unconformity at a depth of ca. 10 km

is below the sedimentary cover. We assign the unconfor-

mity at the base of Nanhua group (Neoproterozoic strata)

based on the regional stratigraphy, Pervasively folded

strata with open anticlines and tight synclines are truncated

by the decollement at the bottom of the Permian strata.

Fig. 2 The detailed geological map of the eastern Sichuan fold belt (ESFB) shown the location of the 90 km segment of the profile
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Therefore, the Qiyue fault is not the main fault separated

the comb-like fold and the trough-like fold, which is also

truncated by the decollement. The decollement is along the

bottom of the Permian strata upwards the surface, dips at

*308. In the zone of comb-like fold belt, fault propagation

faulting accommodated the crustal deformation in the

upper plate, while the thrust imbricating worked in the

lower plate. In this study, we concentrate on the Precam-

brian evolution of Yangtze block, thus the more details of

the sedimentary cover will be discussed in another paper.

Table 1 The detailed acquisition parameters

Receiver Source

Recording system Sercel 408XL Source type Dynamite

Sample interval 2 ms (normal) Single well depth 25 m (normal)

4 ms (large) 40 m (large)

Number of receiver channels 720 Shot energy 48 kg (normal)

Receiver group spacing 40 m 100 kg (large)

Number of geophones per group 24 Source spacing 280 m (normal)

Spread configuration Symmetric split-spread (normal) 5000 m (large)

Off-end spread (large) Recording

Minimum offset 140 m Recording length 30 s

Total spread length 28.8 km Recording format SEG-D

Stacking fold 50

Fig. 3 Seismic profile and lables of main geologic features discussed in text
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3.2.2 Middle crust

Below the unconformity to the 20 km (7 s, assuming the

crustal average velocity is *6.0 km/s), the zone shows

transparent almost except the southward-dipping reflectors

below CDP 0–500 and 2500–3300, combined with the

regional stratigraphy, we assume they represent the

growth-strata of Lengjiaxi and Banxi groups (Neopro-

terozoic, ca. 820–785 Ma), which are the upper meta-

morphosed basement. Lengjiaxi group are strongly-

deformed including metasandstones, siltstones and slates

with metamorphosed mafic-ultramafic volcanic intercala-

tions, which is volcanic-sedimentary foundation, different

tectonic models have been proposed for the tectonic set-

ting of the Lengjiaxi group, including a plume-rift model,

a slab-arc model and a plate-rift model (Zhao and Cawood

2012), anyway, the deposit environment of the Lengjiaxi

group is extensional; Banxi group is a suit of flysch

sediment, consist mainly of shallow metamorphic (low

greenschist facies) purple and gray-green sandstones, then

the tilted reflectors may represent growth strata in a half-

graben, the other finely laminated regions in the seismic

profile is weak as their boundaries are less well defined:

they may either be bounded by normal faults or intruded

by plutons, combined with the other information, we

prefer to interpret them as fault-bounded rift basins (Dong

et al. 2013).

3.2.3 Lower crust

At the northern end of the profile, a set of southward-

dipping reflectors developed between 20–45 km (7–15 s),

which can be traced northward crossing Huaying fault

(Wang et al. 2011). A set of sub-horizontal reflectors

developed in the middle of the profile, most of which are

very clear, except the zone below CDP 2615 is a little

weak, which may be a homogeneous granite or not imaged

by the insufficient exploration energy.

3.2.4 Moho and upper mantle

The Moho is well defined as the bottom surface of a con-

tinuous zone undulating slightly between 36 and 42 km

(ca. 12–14 s), it displays wary geometry in the north and is

offset by the thrust shear zones southward, there are no

obvious links between Moho-offset faults and upper crustal

structures, but they do have a link with the southward-

dipping reflectors northward (Gao et al. 2013).

3.3 Meaning of the middle-lower crust

The region around the Sichuan basin experienced strong

deformation before Cenozoic related to either far-field

stresses by Jurassic collision of Neo-Tethys terranes along

the southern margin of South China or the continued

convergence of north and south China after the Triassic

closure of the Paleo-Tethys (Dong et al. 2013). The fold

belt are typically thin-skinned, which represents the

regional unconformity acted as the decollement limited the

subsequent tectonic events didn’t influence the pre-Nanhua

crust. Mantle reflections have been reported beneath

Phanerozoic and Proterozoic crust and attributed to shear

zones associated with both extension and compression

(BABEL Working Group 1990; Flack et al. 1990; Hammer

et al. 2010; McGeary and Warner 1985), which may

originated at the upper surface of an eclogitic slab

embedded in the mantle by subduction (Morgan et al.

1994), or arisen from a shear zone created by thrusting of a

lower plate down into the mantle (Calvert et al. 1995). The

mantle reflectors extend to at least 48 km depth in the

western zone, Combined with the overlying crustal

reflectivity, the mantle reflectors maybe indicate a frozen

collision zone before the deposit of the Lengjiaxi group.

4 Mid-lower crustal gravity anomalies

The seismic profile indicates the potential frozen collision

zone frontier, which urges us to obtain the middle-lower

crust anomalies of the SCB to verify the difference to the

sides of the Chongqing-Huaying line, since Bouguer

gravity anomalies present the crustal density distribution

structure and tectonics. We assembled the previous deep

seismic sounding profiles around the Sichuan basin. And

then after reductions we obtained the fluctuating depth

contours of the Moho interface and the bottom interface of

sediment cover (Fig. 4; Xiong et al. 2015a). We then cal-

culated forwardly the anomalies caused by sedimentary

cover and the Moho surface and then stripped them from

the Bouguer gravity anomalies, to obtain the gravity

anomalies reflecting the crustal structure and tectonic fea-

tures between the sedimentary cover and the Moho surface

(Xiong et al. 2015a, b). The detailed gravity source and

process is introduced in Fig. 4 (Xiong et al. 2015b).

The results show that the residual gravity anomalies in

the basin are characterized by blocks in East-West and the

amplitude of -32 to 206 mGal. To the west of the

Chongqing-Huaying line, two high gravity anomalies traps

are presented respectively in the north and south. The high

traps centered at Neijiang, Suining, Nanchong and Daxian

with a striking of NE direction and the values up to 170

mGal. However, to the east of the line, only one high

gravity anomalies trap is presented, which is NNE-trending

with the amplitude up to 190 mGal (Fig. 5). Therefore, the

characteristics of the residual gravity anomalies are dif-

ferent between the west and east sides of the Chongqing-
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Huaying Line. From east to west, the traps become narrow

and the axis features of these traps differ from each other,

indicating that the crustal structures are different between

both sides. The Chongqing-Huaying line is the connective

zone of the high traps on both sides. The anomalies along

this line is relatively low and trends in the NE direction.

Usually, the lower gravity anomaly indicates the down-

warping of the crust or intruded into the mantle (Li et al.

2015). We suggest the zone of the lower gravity anomaly

reflects a possible blind fault zone in the subsurface, which

separated the ancient continent around this line into two

different oldlands.

5 Discussion

The result of the middle-lower crust gravity anomalies of

the Sichuan basin is consistent with the finding of the deep

seismic reflection profile. To the north of this seismic

survey line, a 330 km long deep seismic reflection profile

also revealed a east-dipping mantle suture near the Huay-

ing fault beneath the Sichuan basin (Gao et al. 2013). The

result of the aeromagnetic anomaly also showed the base-

ment of the Sichuan basin is heterogeneous on the whole

(Zhang et al. 2013; Gu and Wang 2014; Gu et al. 2014): the

region to the west of the Chongqing-Huaying is with a high

Fig. 4 a The sketch map of distribution of the deep seismic reflection profiles and wide-angle reflection and refraction profiles around the

Sichuan basin; b The Moho depth contour map of the Sichuan basin and adjacent regions; c The sedimentary cover thickness contour map of the

Sichuan basin; d The gravity anomaly contour map of the Sichuan basin and adjacent regions. FTB fold thrust belt
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aeromagnetic anomaly centered in Nanchong and Daxian,

while the region to the east is with a high aeromagnetic

anomaly centered in Shizhu. The positive aeromagnetic

anomalies usually reveal the regional structure of the

metamorphosed basement. Therefore, the aeromagnetic

anomalies also indicated the basement of the Sichuan basin

is not united (Gu and Wang 2014). The Paleoproterozoic

gneisses reported in the western part of the Yangtze block

implied the presence of old continental nuclei in both

eastern Yangtze block and western Yangtze block consis-

tently (Wu et al. 2012), 2050–2400 Ma events were absent

in eastern part (Wu et al. 2012), which imply that the West

Yangtze and East Yangtze had different evolution history

before *2.0 Ga. The survey of Paleoproterozoic ages

throughout the Yangtze block suggests the metamorphic

and magmatic activities in 2.0–1.8 Ga (Zhang et al.

2006b), and an active-type continental margin formed in

the western part of the Yangtze when the passive-type

continental margin in the eastern part of the Yangtze

speculated by Wu et al. (2012), which implied a collision

zone was resulted in the final arc-continental melting at

*2.0 Ga linked to the assembly of supercontinent

Columbia. The south-dipping mantle reflectors maybe

represent a remnant of the descending plate follow closure

of the subduction zone. Although the sub-horizontal

reflectors to the right of the mantle reflectors are still

debated, which may present the ductile shear zones or the

magmatic sills. According to the regional stress field, the

developed ductile shear zones should be more south-dip-

ping than north-dipping. Thus we prefer the latter formed

by the relamination of the subducted felsic continental

crust into the base of the crust in the upper plate, coherent

with the geochemistry features of the granite intruded into

the Kongling complex aged *1.85 Ga which exhibits the

post-orogenic A-type affinity (Peng et al. 2012; Xiong et al.

2009; Zhang et al. 2011). The granites may experience the

granulitization or gneissification in the subsequent tectonic

events, which can make them stay stable in the middle or

lower crust. The Moho of the stable block usually is a sharp

discontinuity or transparent (Cook 2002), but the Moho to

the southern of the south-dipping zone featured as a series

of laminated reflectors is not the typical type of the

stable block, jointly with the ultramafic zone beneath the

Moho showed by the deep seismic sounding profile (Fig. 6;

Yuan and Egorov 2002), which may correspond to the

underplating of the plutons to the base of the crust related

Fig. 5 The middle-lower curstal gravity anomaly of the Sichuan basin and adjacent regions (Xiong et al. 2015b). The black dash line indicates

the distinctive difference between the western and eastern parts
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to the *2.0 Ga collision or postcollisional events. The

Yangtze block was finally amalgamated, acted as the lower

basement after the upper deformed basement was formed

by the consolidation of the Lengjiaxi and Banxi Groups in

Neoproterozoic, then the sedimentary cover deposited on

the top of the double basement.

Fig. 6 The 2D Vp velocity crustal structure of eastern Sichuan fold belt (ESFB) (Modified from Yuan and Egorov 2002)

Fig. 7 Interpreted cross section of ESFTB
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6 Conclusion

By combining the seismic data with gravity anomaly, we

are able to propose a frozen subduction zone existed within

the Yangtze block, which imply the amalgamation of the

West and East Yangtze blocks before the deposit of

the Lengjiaxi group (Fig. 7). The previous aeromagnetic

anomalies and geochemical characteristics of the Archean-

Paleoproterozoic gneisses also support our supposition.

During the subduction, the crustal materials of West

Yangtze block was took back into the lower crust of East

Yangtze block, formed the relamination within the lower

crust of East Yangtze block, the Paleoproterozoic Moho

was underplated by the upwelling magmas. The first-stage

amalgamation also represented the formation of the lower

basement. Afterwards, the Yangtze block experienced the

unique tectonic events, including the melting with the

Cathaysia block, the formation of the upper deformed

basement, and the Phanerozoic folding. The frozen sub-

duction zone then changed to a shear zone, accommodated

the lower crustal shortening along with the decollement at

the base of the Nanhua system functioned in the upper

sedimentary cover. This new subduction model will give us

a different insight to consider the position of the South

China during the forming of the supercontinent Columbia.
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