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Abstract 19 

Intracontinental rifting and low-volume volcanism are a globally common phenomenon, yet 20 

the underlying driving mechanisms and whether they can be explained through classic plate 21 

tectonic concepts, remain hotly debated. A prominent example is the Cenozoic rift and volcanic 22 

province in eastern China. Using an integration of geological, geophysical and geochemical data, 23 
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we unravel the spatial and temporal variations of the rifting and volcanism in the Jianghan Basin. 24 

Both rifting and volcanism in the Jianghan Basin show two intense-to-weak cycles (65-50 Ma and 25 

50-26 Ma, respectively) with significant enhancement in activity during the late rift phase. 26 

Moreover, rifting and depocentres progressively migrated eastward. The Jianghan basalts all share 27 

an asthenospheric origin while the source of the late phase basalts is slightly more enriched and 28 

heterogenous in Nd-Hf isotopes than that of the early phase basalts. The late phase basalts also 29 

display a smaller extent of partial melting even under a thinner lithosphere, likely indicating a 30 

significant decrease of volatile content in the mantle source. Based on regional tectonic 31 

correlations, the main stages of tectonic evolution of the Jianghan Basin and eastern China are not 32 

synchronous with changes in Pacific plate motion, while they are coincident with India-Asia 33 

collision processes. These observations lead us to propose that the asthenospheric flow driven by 34 

India-Asia collision rather than the rollback of the subducted Pacific slab has caused the 35 

widespread rifting and volcanism in eastern China. The variations of rifting and volcanism in the 36 

Jianghan Basin suggest a multiphase and eastward asthenospheric flow beneath eastern China 37 

driven by India-Asia collision, with an intense upwelling when passing through the North-South 38 

Gravity Lineament (NSGL). The much more intense rifting and volcanism during the late rift 39 

phase may indicate a much larger scale of volatile-poor asthenospheric flow than the early rift 40 

phase which could result in a more intense erosion of ancient enriched lithospheric mantle and the 41 

volatile content in the mantle source dropping sharply. This study provides an improved model 42 

based on our multidisciplinary observations for asthenospheric flow which may be an alternative 43 

driving mechanism for intracontinental rifting and low-volume volcanism in the regions where 44 

there are step changes in lithospheric thickness globally. 45 
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1. Introduction 50 

Intracontinental rifting and volcanism are often coupled and form extensive rift and volcanic 51 

provinces, such as the Basin and Range Province, Carpathian-Pannonian region and Baikal Rift 52 

area (e.g., Putirka and Platt, 2012; Harangi, et al., 2015; Ivanov et al., 2015). While some studies 53 

attribute the development of these rift and volcanic systems to plate boundary processes and 54 

classic lithospheric stretching models (e.g., Baikal Rift, Petit and Deverchere, 2006; eastern China, 55 

Xu et al., 2012; Niu, 2013), this is highly controversial as these provinces are often away from 56 

plate boundaries and typically involve widely dispersed, low volume volcanism (Conrad et al., 57 

2011; Davies and Rawlinson, 2014) compared to the large igneous provinces (Bryan and Ferrari, 58 

2013) . As a consequence, some studies argued that these classical models are either not 59 

appropriate, or require modification, and invoke a range of other processes, such as flat-slab 60 

rollback (e.g., the Cretaceous South China Block, Li et al., 2012b, 2014; Basin and Range 61 

Province, Porter et al., 2014), sub-horizontal asthenospheric flow (e.g., Baikal Rift, Lebedev et al., 62 

2006; Pannonian Basin, Harangi, et al., 2015; eastern China, Liu et al., 2004; Niu, 2005) and 63 

edge-driven convection (e.g., Newer Volcanics Province, Davies and Rawlinson, 2014). This 64 

ambiguity is compounded by the need to have a comprehensive analysis of geological, 65 

geophysical and geochemical data, and the incomplete suite of such data in many studies, resulting 66 

in the driving forces varying not only from one province to another, but often within the same 67 
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province or even in the same area.  68 

The Cenozoic eastern China characterized by widespread rift basins and basalts (Figs. 1 and 69 

2A) typifies the debate on the genesis and processes of intracontinental rifting and volcanism. 70 

Although extensive research has focused on the origin of the widespread Cenozoic rifting and 71 

volcanism in eastern China (e.g., Flower et al., 2001; Ren et al., 2002; Liu et al., 2004; Niu, 2005; 72 

Tang et al., 2006; Xu, 2007; Li et al., 2010, 2013, 2015b, 2016b; Yin, 2010; Zhao et al., 2011; Xu 73 

et al., 2012; Suo et al., 2012, 2014; Kuritani et al., 2013; Sakuyama et al., 2013; Gong and Chen, 74 

2014; Wang et al., 2015; Zhao et al., 2016; Chen et al., 2017; Sun et al., 2017), controversy 75 

remains and two alternative models are currently invoked. These two competing models have 76 

evoked fundamentally different lithospheric and asthenospheric processes as they involve different 77 

driving forces (Fig. 2B and C). The passive rifting and upwelling model states that the retreat of 78 

subduction zone causes the lithosphere of eastern China to extend (Niu, 2013), inducing 79 

asthenospheric mantle to upwell and melt (Xu et al., 2012; Li et al., 2015b). Therefore, its driving 80 

force is the rollback of the subducted Pacific slab (Niu, 2013). On the contrary, the active rifting 81 

and upwelling model suggests that the India-Asia collision has induced an eastward 82 

asthenospheric flow beneath eastern China and the eastward asthenospheric flow experience an 83 

upwelling and decompression when flowing through the North-South Gravity Lineament (NSGL) 84 

(Niu, 2005; Sun et al., 2017), causing the lithosphere of eastern China to extend and the flowing 85 

asthenospheric mantle to melt (Liu et al., 2004).   86 

In this study, for the first time, we apply a multidisciplinary approach (including 2-D and 3-D 87 

seismic reflection data, borehole data, field data and geochemical data) to investigate the temporal 88 

and spatial variations of rifting and volcanism in the Jianghan Basin, eastern China. Our 89 
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quantitative study of shallow physical and chemical changes throughout the Cenozoic, including 90 

fault and volcanic activity and geochemical compositions of basalts, can release abundant 91 

information about deep physical and chemical processes and mantle dynamics. Furthermore, we 92 

consider the evolution of the Jianghan Basin within a regional context and make tectonic 93 

correlations between them. Our findings not only address the relative role of pacific plate 94 

subduction and India-Asia collision on regional geodynamics, but also provide invaluable insights 95 

into the origin of intracontinental rifting and low-volume volcanism that often remain enigmatic 96 

globally.  97 

 98 

2. Geological setting 99 

The western boundary of eastern China is approximately defined by the north-south trending 100 

NSGL (Figs. 1, 2A). The NSGL is not only an evident gravity lineament, but also displays a major 101 

transition of elevation, topography, crustal and lithospheric thickness (Niu, 2005). Furthermore, it 102 

is broadly coincident with the western edge of the stagnant Pacific slab which is presently lying 103 

horizontally in the mantle transition zone (MTZ; Huang and Zhao, 2006). The Jianghan Basin is 104 

located on the north margin of the South China Block (SCB) and close to the NSGL (Fig. 2A), 105 

with an area of ca. 27,000 km2. It consists of two domains (Fig. 3A): West Jianghan Basin and 106 

East Jianghan Basin. The West Jianghan Basin is predominantly controlled by the Wen’ansi Fault, 107 

Wancheng Fault and the Zibei Fault Zone, forming a large and a minor depocenters. The East 108 

Jianghan Basin consists of a large graben and a series of half-grabens. Rifting in the Jianghan 109 

Basin initiated during the Late Cretaceous under the background of widespread extension in 110 

eastern China triggered by the rollback of the subducted Pacific slab during the Early Cretaceous 111 
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(Li et al., 2012a, 2014; Wu et al., 2018). The Cretaceous widespread rifting and magmatism in 112 

eastern China marked the ultimate destruction of the North China Craton and SCB (Li et al., 113 

2015a; Zhu et al., 2015b). During the destruction processes, the long-term dehydration (from 114 

Triassic to Cretaceous) of the subducted Pacific slab (Niu, 2005; Windley et al., 2010; Li et al., 115 

2012a) has been crucial in weakening the ancient enriched lithospheric mantle, resulting in a 116 

juvenile depleted lithospheric mantle forming beneath eastern China (e.g., Wu et al., 2008) and a 117 

huge difference in lithospheric thickness near the NSGL (> 150 km to west of the NSGL and ca. 118 

80 km to east of the NSGL; Li et al., 2012a, 2015a; Zhu et al., 2015b). The Jianghan Basin 119 

experienced two-phase rifting and volcanism during the Paleogene and then failed at the end of 120 

the Paleogene (Fig. 4), depositing up to ca. 8000 m thick syn-rift sediments. These syn-rift 121 

sequences can be divided into five units, namely the Shashi Formation, Xin’gouzui Formation, 122 

Jingsha Formation, Qianjiang Formation and Jinghezhen Formation.  123 

 124 

3. Dataset and methods 125 

The dataset for this study includes extensive 2-D and 3-D seismic reflection data, borehole 126 

data (including stratigraphic information, descriptions of drilling cores and cuttings from well 127 

completion reports, well logs and basaltic samples) and field outcrops. 128 

3.1 Seismic reflection and borehole data and treatment 129 

The seismic database includes > 8000 km of 2-D seismic reflection lines and ca. 5000 km2 130 

3-D seismic reflection surveys (Fig. 3B). The line spacing of 2-D seismic data varies from 1 to 7 131 

km and these 2-D surveys image to depths of 5 to 6 s two-way travel time (TWTT). The 3-D 132 

seismic reflection surveys image to depths of between 5 and 6 s TWTT and have an inline and 133 
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crossline spacing of 12.5 m, 25 m or 50 m. Of particular importance for this study is the generally 134 

good quality of the imaging within the Cenozoic rift sequences. Of the more than 1600 exploration 135 

wells in the basin (partly shown in Fig. 3B), about 500 wells were used for seismic-well ties and 136 

depth-conversion using synthetic seismograms (Fig. 4). Ages for the stratigraphic horizons were 137 

mainly determined by biostratigraphic data and K-Ar and Ar-Ar ages of basalt layers (Fig. 4; 138 

HBGMR, 1990; Xu et al., 1995; Peng et al., 2006).  139 

Fault activity is estimated by observing across-fault thickening of growth strata- within 140 

seismic data (e.g., Fig. 5A, B, C, D) and quantified using fault activity rates (Figs., 5E, S1; 141 

(Thickness of hanging wall – Thickness of footwall)/Duration, Huang and Liu, 2014; Teng et al., 142 

2016). This study uses fault activity rates rather than expansion index in determining the growth of 143 

faults, to highlight the variations of fault activity over time. This method assumes that 144 

sedimentation rates exceed fault activity rates and fault scarps are rapidly blanked by sediment (cf. 145 

Childs et al., 2003). Furthermore, the fault activity rates are time averages and may have varied 146 

within these stages. For instance, faults have a much higher activity rate during the early 147 

Qianjiang stage than that during the late Qianjiang Stage (not shown). Time-depth conversion was 148 

used when calculating strata thickness and fault activity rates (Fig. 5F). An average time-depth 149 

relationship is determined in Fig. 5F, which generally allows us to convert thicknesses measured 150 

in milliseconds two-way travel time to metres with an ca.10% error. Fault activity rates have a 151 

large variation over time, thus they are unlikely to be affected significantly by depth conversion 152 

(e.g., Fig. 5E). As most sediments near the major faults in the Jianghan Basin have a relatively low 153 

content of shale (< 70%; e.g., Fig. 7D), the influence of sediment compaction was not considered 154 

in our study (Taylor et al., 2008). Within the basin, only a few basalts outcrop on the surface (Fig. 155 
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6) as a result of salt diapirism, and most of them are deeply buried. Basaltic eruptions are 156 

conformable contact with the upper and lower strata (Figs. 6A and B, 7). Therefore, they are often 157 

referred to as “basalt layers”. Due to the continuous subsidence during the syn-rift stage, the 158 

volcanic rocks can have been well preserved beneath post-eruption sediments, rather than 159 

undergoing erosion (Jackson, 2012). Our seismic reflection data has a frequency of 30-55 Hz. 160 

With a velocity of 5000-5500 m/s, the basalt layers should be > ca. 11 m thick to be detected and > 161 

ca. 23 m thick to be resolved (cf. Watson et al., 2017). The identifiable basaltic eruptions generally 162 

manifest as very high-amplitude anomalies that have a strata-concordant morphology and 163 

low-middle continuity (Fig. 7A, B, C). These high-amplitude reflections also have a remarkable 164 

characteristic petrophysical response in well logs (Fig. 7D), namely low gamma (20-40 API) and 165 

high resistivity (10-35 Ohm m). All these data are used in combination in our study (Fig. S2). The 166 

distribution and volume of basalts were quantified by constructing thickness maps for each stage 167 

(Fig. S3). As the data of the thicknesses of basalts is from borehole data, error increases when 168 

there are limited wells to constrain thickness. Thus, the thicknesses of the Shashi Stage basalts are 169 

not used for discussion in this study. 170 

3.2 Samples and geochemical analysis 171 

In addition to the nine published samples (Peng et al., 2006), nine new samples from the 172 

basalt layers interlayered in the early or late rift sequences were analyzed for this study (locations 173 

in Fig. 3B, including six wells and Balingshan outcrops; detailed sample information in Table S1, 174 

Appendix A). As there is an even temporal distribution of the eighteen samples across the two rift 175 

phases, they coincide with the rifting and volcanism evolution and capture the majority of the 176 

magmatic event. The basaltic samples all exhibit an intergranular texture (Fig. 6C) and mainly 177 
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contain plagioclase (60-72%), clinopyroxene (1-20%), Fe-Ti oxides (3-12%) and few olivine (less 178 

than 1%). Generally, our samples are fresh, as only a few minerals have been partially altered to 179 

iddingsite and chlorite (3-9%). 180 

Bulk-rock analysis measured in this study includes major and trace elements and Sr-Nd-Hf 181 

isotopes. All analyses were conducted at the State Key Laboratory of Geological Processes and 182 

Mineral Resources, China University of Geosciences (Wuhan), except that the Hf isotopic analysis 183 

was finished at the Institute of Oceanology, Chinese Academy of Sciences. The detailed analytical 184 

methods are described in Appendix B. 185 

 186 

4. Results 187 

4.1 Multiphase rifting 188 

Borehole calibrated seismic data provides high resolution stratigraphic constraints for 189 

calculating fault activity rates (Fig. 4). Two seismic profiles across the Wancheng Fault and 190 

Qianbei Fault are shown in Fig. 5A, B, C, and D. These two major faults are located in the West 191 

and East Jianghan basins (Fig. 3A), respectively. The Wancheng Fault decreased sharply in fault 192 

activity rates (from ca. 345 to ca. 141 m/Myr) from the Shashi Stage (65-56 Ma) to the Xin’gouzui 193 

Stage (56-50 Ma), while the Qianbei Fault underwent slightly enhanced activity (from ca. 60 194 

m/Myr to ca. 113 m/Myr). The Qianbei Fault had a fault activity rate of up to 576 m/Myr during 195 

the Jingsha Stage (50-45 Ma), significantly higher than the Wancheng Fault (ca. 240 m/Myr). 196 

During the Qianjiang Stage (45-32 Ma), both the Wancheng Fault and the Qianbei Fault showed 197 

decreased fault activity rates (ca. 23 m/Myr and ca. 263 m/Myr, respectively). In total, the fault 198 

activity rates of the Wancheng Fault were significantly higher than the Qianbei Fault during the 199 
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early rift phase, and significantly lower than the Qianbei Fault during the late rift phase (Fig. 5E). 200 

Fault activity rates of the major faults in the Jianghan Basin are shown in Figs. 8 and S1. 201 

During the Shashi Stage (65-56 Ma), major faults in the West Jianghan Basin had much greater 202 

fault activity rates (ca. 65-345 m/Myr) than the East Jianghan Basin (0-ca. 60 m/Myr) (Fig. S1A). 203 

Faulty activity rates in the West Jianghan Basin decreased to ca. 25-140 m/Myr during the 204 

Xin’gouzui Stage (56-50 Ma) (Fig. S1B), while they generally increased in the East Jianghan 205 

Basin (ca. 10-113 m/Myr). Faulty activity rates significantly increased during the late rift phase, 206 

especially in the East Jianghan Basin. During the Jingsha Stage (50-45 Ma), fault activity was 207 

much more intense in the East Jianghan Basin (ca. 55-576 m/Myr) than the West Jianghan Basin 208 

(ca. 44-312 m/Myr) (Fig. S1C). Fault activity decayed during the Qianjiang Stage (45-32 Ma), 209 

with 0-ca. 137 m/Myr in the West Jianghan Basin and 0-ca. 263 m/Myr in the East Jianghan Basin. 210 

Activity of most major faults ceased during the Jinghezhen Stage (32-26 Ma). Only six major 211 

faults were active with relatively low fault activity rates (ca. 15-104 m/Myr). Then, rift failed at 212 

the boundary of the Paleogene and Neogene (Fig. 4). 213 

4.2 The distribution and volume of the Jianghan basalts 214 

The distribution and volume of the Jianghan basalts are shown in Figs. 8 and S3. During the 215 

early rift phase, the eruptions were scattered (Fig. S3A, B). The total area of the basalts erupted 216 

during the Shashi Stage (65-56 Ma) is ca. 209 km2, while that erupted during the Xin’gouzui Stage 217 

(56-50 Ma) decreases to ca. 144 km2 with a maximum thickness of 168.5 m. The maximum 218 

thickness of basalts erupted during the Shashi Stage is uncertain and not considered in this study, 219 

as only limited wells penetrate the basalt layers (Fig. S2A). The distribution of the basalts erupted 220 

during the Jingsha Stage (50-45 Ma) is contiguous and covers an area of ca. 1387 km2 (Fig. S3C). 221 



11 

 

During this short timescale, up to 353 m thick basalts erupted. Volcanism moderately weakened 222 

during the Qianjiang Stage (45-32 Ma), with an area of ca. 1041 km2 and a maximum thickness of 223 

239 m (Fig. S3D). Volcanism terminated during the Jinghezhen Stage (32-26 Ma) (Fig. S3E). 224 

Notably, as with fault activity, volcanic activity shows two intense-to-weak cycles during the 225 

two-phase rifting.  226 

4.3 Bulk-rock major, trace elements and Sr-Nd-Hf isotopes 227 

The results of the major and trace elements, and Sr-Nd-Hf isotopic analyses of the Jianghan 228 

basalts are given in Table S2-S3 (Appendix A). Samples from this study are plotted together with 229 

the Cenozoic basalts from the eastern SCB for comparison (Li et al., 2015b, 2016b; Liu et al., 230 

2016; Chu et al., 2017; Zeng et al., 2017).  231 

The samples of the two rift phases are mainly tholeiitic basalts, with SiO2 ranging from 50.32 232 

to 54.57%, and the total alkali contents (Na2O + K2O) ranging from 3.51 to 6.79% on a 233 

volatile-free basis (Fig. S4A; Le Bas et al., 1986). They are variably evolved (Mg# = 0.54-0.62) 234 

from anticipated primary magmas (i.e., Mg# ≥ 0.72) in equilibrium with mantle olivine. The 235 

Jianghan basalts all show negative correlations of SiO2 with MgO (Fig. S4B), while Al2O3, Fe2O3
T, 236 

Cr and Ni remain nearly constant with decreasing MgO (Fig. S4C, F, G, H). CaO and CaO/Al2O3 237 

of the early phase basalts do not correlate with MgO (Fig. S4D, E); however, these of the late 238 

phase samples show slight negative correlations with MgO. 239 

Fig. 9 shows chondrite-normalized rare earth element (REE) patterns and primitive-mantle 240 

normalized multi-elements spidergram of the Jianghan basalts. As with the basalts from the 241 

eastern SCB (Li et al., 2015b, 2016b; Liu et al., 2016; Chu et al., 2017; Zeng et al., 2017), all the 242 

Jianghan basalts are characterized by OIB-like trace element patterns, being progressively more 243 
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enriched in the more incompatible elements. Importantly, the late phase basalts are generally more 244 

enriched in incompatible trace elements and have higher [La/Yb]N ratios (5.50-10.29, N denotes 245 

normalization to primitive mantle) than the early phase basalts ([La/Yb]N = 3.35-4.99). 246 

The early phase basalts display large range of the 87Sr/86Sri ratios (0.7041-0.7088; Fig. 10A), 247 

while their 143Nd/144Nd and 176Hf/177Hf ratios are relatively restricted with 計Nd(t) = 2.63-3.94 and 248 

計Hf(t) = 9.20-9.62 (Fig. 10B). However, despite the large variation of the 87Sr/86Sri in the early 249 

phase basalts, their Nd-Hf isotope is relative homogenous and show no trends in the Sr-計Nd(t) and 250 

計Nd(t) - 計Hf(t) diagrams. In contrast, the late phase basalts have a relatively large range of 計Nd(t) 251 

(0.06-4.17) and 計Hf(t) (1.49-8.38) values, and their 87Sr/86Sri ratios range from 0.7041 to 0.7052. 252 

Note that there is a negative correlation between the Sr-Nd isotopic compositions of the late rift 253 

phase basalts (Fig. 10A), while the Nd-Hf isotopic compositions show a positive correlation (Fig. 254 

10B).  255 

 256 

5. Discussion 257 

5.1 Evolution of multiphase rifting and volcanism 258 

The temporal and spatial variations of the fault activity rates of the major faults in the 259 

Jianghan Basin are shown in Fig. 8, along with two stratal thickness profiles across the West 260 

Jianghan Basin and East Jianghan Basin. From the Shashi Stage (65-56 Ma) to the Xin’gouzui 261 

Stage (56-50 Ma), while fault activity decayed in the West Jianghan Basin, the fault activity rates 262 

of the major faults in the East Jianghan Basin generally increased (Fig. 8A, B). From the Jingsha 263 

Stage (50-45 Ma) to Jinghezhen Stage (32-26 Ma), although fault activity rates gradually 264 

decreased, the difference between the West Jianghan Basin and East Jianghan Basin increased (Fig. 265 
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8C, D and E), resulting in an eastward migration. This was due to the much rapider decrease of 266 

fault activity in the West Jianghan Basin than the East Jianghan Basin. Therefore, there is a 267 

progressively eastward migration of fault activity in the Jianghan Basin. Notably, the two-phase 268 

rifting displays two distinct intense-to-weak cycles in fault activity and fault activity rates during 269 

the late rift phase are significantly higher than the early rift phase (Fig. 8).  270 

Sediment distribution is predominantly fault controlled and should be an accurate measure of 271 

the activity of major faults and basin subsidence with sufficient sedimentation rates (Nixon et al., 272 

2016). The maximum sediment thickness of the Shashi Formation in the West Jianghan Basin is ca. 273 

3400 m, significantly much thicker than that in the East Jianghan Basin (ca. 550 m) (Fig. 8A). The 274 

difference on sediment thickness of the Xin’gouzui Formation between the West Jianghan Basin 275 

and the East Jianghan Basin is significantly reduced, with the maximum unit thickness at ca. 1100 276 

m in the West Jianghan Basin and ca. 950 m in the East Jianghan Basin (Fig. 8B). The maximum 277 

stratal thickness of the Jingsha Formation is ca. 2000 m in the West Jianghan Basin and ca. 3200 278 

m in the East Jianghan Basin, which indicates that the maximum depocenter has shifted from the 279 

West Jianghan Basin to the East Jianghan Basin during the Jingsha Stage (Fig. 8C). During the 280 

Qianjiang-Jinghezhen Stage, depocentres continued migrating eastward, with the increasing 281 

difference on sediment thickness between the West Jianghan Basin and East Jianghan Basin (Fig. 282 

8D, E). In summary, the same to the faulting, the depocentres of the Jianghan Basin also 283 

progressively migrated eastward (Fig. 8). 284 

Volcanic activity was relatively weak and basaltic eruptions were scattered during the early 285 

rift phase (Fig. 8A, B). The area of the Xin’gouzui basalts was smaller than the Shashi basalts, 286 

showing a decayed trend of volcanic activity. The distribution of basalts during the late phase was 287 
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almost contiguous. The basaltic eruption reached its peak during the Jingsha Stage (50-45 Ma) and 288 

then decreased moderately during the Qianjiang Stage (45-32 Ma). Clearly, the temporal 289 

variations of volcanic activity show two intense-to-weak cycles and significantly enhanced during 290 

the late rift phase, having a good correspondence with fault activity. In addition, there is no 291 

notable trend of the migration of volcanic activity, so the migration of volcanic activity is not 292 

taken into account when discussing the geodynamics of rifting and volcanism. 293 

5.2 The origin of the Jianghan basalts 294 

5.2.1 Post-magmatic alteration, crustal contamination and fractional crystallization 295 

Low-pressure magmatic processes such as alteration, crustal contamination and fractional 296 

crystallization could significantly modify the composition of primary basaltic melt. Therefore, it is 297 

necessary to evaluate their potential effect before discussing source characteristics of the basalts. 298 

Some samples with relatively high loss on ignition values (LOI; 2.11-6.34%), as well as a 299 

few secondary minerals (iddingsite and chlorite), indicates varying degrees of alteration. The 300 

effects of alteration on the incompatible trace elements can be examined via the correlations 301 

between fluid-mobile elements (e.g., Ba, Sr, Th, U, La, Nd) and fluid-immobile elements (e.g., Nb, 302 

Zr) (Fig. S5). The good correlations between Th, U, and Zr as well as La, Nd and Nb indicate that 303 

the effect of alteration is limited, while the early phase basalts have large variations of Sr values as 304 

well as 87Sr/86Sri ratios (Figs. 10A, S5E). This phenomenon can be well explained by the addition 305 

of seawater-altered oceanic crust in the source region (cf. Xu, 2014), as seawater is extremely low 306 

in Nd concentration (O’Nions et al., 1978) and seawater-altered oceanic basalt displays a 307 

relatively constant 計Nd and a wide range of 87Sr/86Sr ratios (McCulloch et al., 1980). Thus we will 308 

not consider the 87Sr/86Sri in the following discussion. 309 
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Previous studies on the Cenozoic basalts from the eastern SCB suggested negligible crustal 310 

contamination (Li et al., 2015b, 2016b; Liu et al., 2016; Chu et al., 2017; Zeng et al., 2017). Trace 311 

element compositions of the Jianghan basalts also show no obvious imprint of continent crust in 312 

the spidergram (e.g., depletions in Nb and Ta; Rudnick and Gao, 2003) (Fig. 9b), with high 313 

[Nb/Th]N and [Ta/U]N ratios in all the basalts (Fig. 11a). As shown in Fig. 11b, most samples plot 314 

within the field of MORB and OIB (Nb/U = 47 ± 10; Hofmann et al., 1986) and their Nb/U ratios 315 

(30.0-52.7) are much higher than the continental crust (6.15; Rudnick and Gao, 2003). All these 316 

observations indicate that the Jianghan basalts suffered negligible crustal contamination. 317 

The studied samples have evolved character with Mg# ranging from 0.54 to 0.62 and low Ni 318 

(120-244 ppm) and Cr (181-416 ppm) contents (Fig. S4G, H), suggesting fractionation of olivine 319 

and clinopyroxene. The slightly negative correlation between SiO2 and MgO (Fig. S4B) is also 320 

consistent with olivine and clinopyroxene fractionation, although Al2O3, Fe2O3
T do not correlate 321 

with MgO (Fig. S4C, F). In addition, the absence of Eu anomalies (Fig. 9a) indicates plagioclase 322 

removal is minimal. However, the ratios of incompatible trace elements are not sensitive to 323 

fractional crystallization of olivine and clinopyroxene, and thus the observed geochemical features 324 

in these basalts reflect their source regions. 325 

5.2.2 The asthenospheric mantle source character of the Jianghan basalts 326 

The Cenozoic basalts in the eastern SCB are proposed to be derived from partial melting of 327 

the asthenosphere (Fig. 10A; Li et al., 2015b, 2016b). The enriched components have been 328 

attributed to the contributions from the stagnant Pacific slab (Li et al., 2015b, 2016b; Liu et al., 329 

2016; Chu et al., 2017; Zeng et al., 2017; Sun et al., 2017). Regardless of some early phase basalts 330 

with high 87Sr/86Sri (see discussion in section 5.2), we propose that the Jianghan basalts were also 331 
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derived from partial melting of asthenospheric mantle as all the samples plot in the MORB and 332 

OIB fields (Fig. 10). The Nb/U ratios of the Jianghan basalts are almost completely within the 333 

range of MORB + OIB (Nb/U = 47 ± 10; Hofmann et al., 1986) and Nb/La ratios (1.25-1.57) are 334 

higher than that in melts of lithospheric origin (Nb/La < 1; Smith et al., 1999), also suggesting 335 

their asthenospheric origin.  336 

The early phase basalts have an almost homogeneous mantle source with limited 計Nd(t) and 337 

計Hf(t) values, whereas the late phase basalts show a relatively large range of 計Nd(t) and 計Hf(t) values, 338 

indicating the compositional heterogeneity of the mantle source (Fig. 10). Furthermore, the source 339 

of the late phase basalts is isotopically slightly more enriched than the early phase basalts (Fig. 340 

10).   341 

5.2.3 Decreasing melting extent during progressive rifting 342 

The late phase basalts have a higher abundances of incompatible elements (Fig. 9) and have 343 

greater [La/Yb]N ratios (5.50-10.29) than the early phase basalts ([La/Yb]N = 3.35-4.99). This may 344 

largely result from the smaller extent of partial melting of mantle source of the late phase basalts 345 

than the early phase basalts. The higher moderately/weakly incompatible element ratios of the late 346 

phase basalts also indicate a smaller extent of melting than the early phase basalts (Niu et al., 1996; 347 

Fig. 12). However, the classical rift development model argues that the lithosphere progressively 348 

thins as rifting proceeds (e.g., McKenzie, 1978; Fram and Lesher, 1993; Ziegler and Cloetingh, 349 

2004; Rooney, 2010; Corti, 2012), which suggests a progressively thinner lithosphere in this area, 350 

and thus the extent of melting during the late rift phase should be greater than the early rift phase 351 

based on the “lid effect” (Ellam, 1992; Niu et al., 2011). Therefore, why do the late phase basalts 352 

have a smaller melting extent under a thinner lithosphere? 353 
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Niu (2005) proposed that decompression and volatile addition are two important processes in 354 

the production of basaltic magma in eastern China. Thus, the lithospheric thickness and the 355 

content of volatiles are two key constraints on the partial melting extent of asthenospheric mantle. 356 

Now that the late phase basalts have a smaller melting extent under a thinner lithosphere, we argue 357 

that the content of volatiles in the mantle source during the late rift phase was lower than the early 358 

rift phase, resulting in the mantle source having a higher solidus and smaller melting extent (cf. 359 

Gaetani and Grove, 1998; Niu, 2005; Niu et al., 2011, and references therein).  360 

5.3 Geodynamic processes causing Cenozoic rifting and volcanism 361 

5.3.1 Comparison of two alternative models 362 

The Cenozoic geodynamics of the Jianghan Basin and eastern China remain controversial, as 363 

the involved rifting and volcanism are considered to have been driven either by Pacific plate 364 

motion or India-Asia collision (Fig. 2B and C). Therefore, the key to differentiating the two 365 

models is to distinguish whether the evolution of the Cenozoic rifting and volcanism in eastern 366 

China is coincident with Pacific plate motion or India-Asia collision processes. As a consequence, 367 

tectonic correlations between the Pacific plate motion, India-Asia collision, Jianghan Basin and 368 

eastern China are essential to settling the dispute (Fig. 13). 369 

The rate of Pacific-Eurasia convergence varied significantly during the Cenozoic (Fig. 13; 370 

Engebretson, 1985; Northrup et al., 1995). The convergence rates began to decline at ca. 53 Ma 371 

and then increased at 40-37 Ma. If the extension of the lithosphere of eastern China was caused by 372 

the rollback of the subducted Pacific slab accompanied by the retreat of subduction zone, the low 373 

convergence rates may cause a much weaker extension of the lithosphere of eastern China, which 374 

were in conflict with a more intense rifting initiating in eastern China at the same time (e.g., 375 
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Jianghan Basin, this study; Bohai Bay Basin, Ren et al., 2008). Furthermore, the passive rifting 376 

and upwelling model (Fig. 2B; e.g., Xu et al., 2012; Niu, 2013) cannot explain the widespread 377 

termination of rifting at ca. 26 Ma in eastern China in view of no significant change in Pacific 378 

plate motion at the same time (Fig. 13; Engebretson, 1985; Northrup et al., 1995). Importantly, 379 

there is no relevant response in eastern China to the sudden directional change of Pacific plate 380 

motion at ca. 50-47 Ma (Sharp and Clague, 2006; Torsvik et al., 2017). The increase of 381 

convergence rates at 40-37 Ma have a good accordance with some tectonic switches in eastern 382 

China, including the basaltic eruption gap in the eastern South China Block (38-17 Ma, Gong and 383 

Chen, 2014), depositional break and erosion in the Subei Basin (38-24 Ma, Qian, 2001; Liu et al., 384 

2017), and dextral motion onset of the Tanlu Fault (ca. 40 Ma, Qi and Yang, 2010; Huang et al., 385 

2015a). Therefore, it indicates that the motion of Pacific plate is considered to have caused 386 

compression and strike-slipping in eastern China during the Cenozoic, rather than extension. 387 

The timing of the India-Asia collision onset is still hotly debated, and it is likely to have 388 

taken place anytime between ca. 65 Ma and ca. 50 Ma (e.g., Rowley, 1998; Yi et al., 2011; Meng 389 

et al., 2012; Van Hinsbergen et al., 2012; Zhu et al., 2015a; Hu et al., 2016; Ma et al., 2016). 390 

However, during the India-Asia collision processes, a series of significant changes in magmatic 391 

activity, sediment provenance, palaeomagnetic data and rate of convergence between India and 392 

Asia simultaneously occurred at ca. 50 Ma or slightly earlier (e.g., Patriat and Achache, 1984; Van 393 

Hinsbergen et al., 2011; Zhu et al., 2015a; Hu et al., 2016; Meng et al., 2017). The timing of these 394 

changes is coincident with the initiation of the late phase rifting in the Jianghan Basin. The 395 

primary phase of lithospheric removal beneath the Tibetan plateau occurred at ~26 Ma (Chung et 396 

al., 2005), corresponding with the widespread termination of rifting in eastern China (Fig. 13). 397 
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Therefore, the tectonic and magmatic phases in the Jianghan Basin and eastern China coincide 398 

with India-Asia collision events rather than Pacific plate motion. 399 

In addition, it is also important to consider if the geochemical signatures have a greater 400 

affinity to one of the two models. As discussed above, the asthenospheric mantle source of the late 401 

phase basalts is isotopically slightly more enriched and heterogenous and has a smaller melting 402 

extent than the early phase basalts. An explanation for these observations can be made in the 403 

context of the passive rifting and upwelling model (Fig. 2B). As volatiles entered the melts, 404 

volatile content in mantle source could be diluted as rifting proceeded. Therefore, despite the 405 

progressive thinning of the lithosphere during the late rift phase, the mantle source had a smaller 406 

extent of partial melting. However, as rifting and volcanism during the early rift phase is 407 

significantly much weaker than the late rift phase (Fig. 8), the volatile consumption during the 408 

early rift phase may be rather low. Consequently, the volatile content in the mantle source should 409 

not change noticeably between early and late rift phases. Furthermore, this model cannot explain 410 

why the mantle source of the late rift phase became isotopically more enriched and heterogenous.  411 

Numerous studies have proposed that the long-term (Triassic- Cretaceous) dehydration of the 412 

subducted Pacific slab played a key role in lithospheric thinning beneath eastern China (Niu, 2005; 413 

Windley et al., 2010; Li et al., 2012a, 2015a; Zhu et al., 2015b). Therefore, the asthenospheric 414 

mantle beneath thinner lithosphere (east of the NSGL) could be wet and abundant in volatiles (cf. 415 

Niu, 2005; Li et al., 2012a), while the asthenospheric mantle beneath thicker lithosphere (west of 416 

the NSGL) was nearly dry or with low volatile content. In the active rifting and upwelling model 417 

(Fig. 2C; Flower et al., 2001; Niu, 2005; Liu et al., 2004; Sun et al., 2017), the much more intense 418 

rifting and volcanism during the late rift phase implied a much larger scale of asthenospheric flow 419 
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than the early rift phase. The more replenishment from west of the NSGL during the late rift phase 420 

could make the content of volatiles in the mixed mantle sources drop sharply as a result of dilution, 421 

resulting in the mixed mantle sources having a higher solidus and smaller melting extent (cf. 422 

Gaetani and Grove, 1998; Niu, 2005; Niu et al., 2011, and references therein). Lithospheric 423 

erosion occurred while asthenosphere flowed eastward, especially near the NSGL where 424 

asthenospheric flow experienced an intense upwelling, which has been verified by the Cenozoic 425 

lithospheric thinning to west of NSGL in the North China Block (e.g., Guo et al., 2014). While the 426 

much larger scale of asthenospheric flow passed through the NSGL, a much more intense 427 

lithospheric erosion occurred, capturing more ancient enriched material. The incorporation of 428 

more ancient enriched material into the upwelling asthenospheric mantle during the late rift phase 429 

could make the mantle source not only more enriched in Nd-Hf isotopes, but also compositionally 430 

heterogeneous (Fig. 10).   431 

Other than the Cenozoic lithospheric thinning to west of NSGL (e.g., Guo et al., 2014), 432 

additional other observations support the active rifting and upwelling model.  1) As there is an 433 

inverse relationship between the extension in eastern China and the Pacific plate motion, the 434 

change of Pacific plate motion may be likely caused by the resistance of collision-induced 435 

eastward asthenospheric flow (cf. Flower et al., 2001). The main significance of the subducted 436 

Pacific plate during the Cenozoic maybe just contribute materials (such as volatiles, recycled 437 

oceanic crust, marine sediments and hydrous low-F melts) to the upper mantle beneath eastern 438 

China through dehydration in the MTZ (e.g., Xu et al., 2014; Li et al., 2016a, b; Liu et al., 2016; 439 

Guo et al., 2016; Chen et al., 2017), not the driving force for rifting and volcanism.  2) 440 

Asthenospheric flow has been detected by geophysical observations (seismic images) in the South 441 
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China Block (Huang et al., 2015b) and North China Block (Yu and Chen, 2016). 442 

5.3.2 Preferred model and dynamic processes 443 

The multidisciplinary evidence integrating our data and previous work provides an excellent 444 

opportunity for us to decipher the origin of the Cenozoic intracontinental rifting and volcanism in 445 

eastern China. Notably, the tectonic evolution of the Jianghan Basin and eastern China is 446 

coincident with India-Asia collision processes while it is mostly in conflict with Pacific plate 447 

motion based on the above discussion. Therefore, we prefer the active rifting and upwelling model 448 

in this study. Based on the temporal and spatial variations of rifting and volcanism unraveled by 449 

this study, we present an improved conceptual model (Fig. 14) to illustrate how eastward 450 

asthenospheric flow drove the development of the Jianghan Basin and caused relevant shallow 451 

responses. 452 

During the Shashi Stage (65-56 Ma), with ongoing subduction of the India plate and the 453 

initial development of India-Asia collision (Fig. 13), asthenospheric mantle continued to be 454 

extruded laterally, leading to the development of asthenospheric mantle flowing eastward beneath 455 

eastern China (Fig. 14A). The eastward asthenospheric flow experienced a buoyant upwelling and 456 

decompression when flowing through the NSGL (Raddick et al., 2002; Niu, 2005). Under the 457 

diapirism of active upwelling mantle, the lithosphere beneath the Jianghan Basin was induced to 458 

magmatically rift. The reduction in fault and volcanic activity during the Xin’gouzui Stage (56-50 459 

Ma) implies a reduction of flow at this time (Fig. 8), while the continuous eastward flow induced 460 

migration of rifting and depocentres towards the east (Fig. 14B). The intensity of India-Asia 461 

collision significantly increased at 50 Ma or slightly earlier (Fig. 13; e.g., Meng et al., 2012; Van 462 

Hinsbergen et al., 2011; Zhu et al., 2015a; Hu et al., 2016), resulting in a much enhanced 463 
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asthenospheric mantle flow. The late phase of rifting in the Jianghan Basin initiated when this new 464 

wave of asthenospheric flow arrived (Fig. 14C). This greatly enhanced asthenospheric flow caused 465 

the lithosphere to be intensely extended, resulting in large scale of rifting and basaltic volcanism 466 

occurring in the Jianghan Basin. Meanwhile, rifting and depocentres continued to migrate 467 

eastward. During the Qianjiang Stage (45-32 Ma), the eastward asthenospheric flow reduced 468 

moderately as did the rifting and volcanism in the Jianghan Basin (Fig. 14D), while the eastward 469 

migration of rifting and depocentres continued. The eastward asthenospheric flow further decayed 470 

during the Jinghezhen Stage (32-26 Ma) (Fig. 14E), leading to rifting and volcanism greatly 471 

decaying. At ca. 26 Ma, the thickened lithosphere of the Tibetan Plateau was mostly removed 472 

(Chung et al., 2005) and the thick lithosphere to west of NSGL (stable craton with > 150 km thick 473 

lithosphere, Zhu et al., 2015b) is likely to have blocked the eastward asthenospheric flow (cf. 474 

Gong and Chen, 2014), resulting in the significant decrease of eastward asthenospheric flow 475 

beneath eastern China. This decayed asthenospheric flow cannot drive further extension of the 476 

lithosphere, so all the rift basins failed at ca. 26 Ma.  477 

During the Cenozoic, the asthenospheric mantle to east of the NSGL was considered to be 478 

wet and abundant in volatiles (cf. Niu, 2005; Li et al., 2012a), while the asthenospheric mantle to 479 

west of the NSGL was nearly dry or with low volatile content. During the late rift phase, the much 480 

larger scale of volatile-poor asthenospheric flow during the late rift phase greatly diluted the 481 

mixed mantle sources and lowered the content of volatiles. As a result, although lithosphere got 482 

thinner during the late rift phase, the mixed mantle sources had a higher solidus than the early 483 

phase (e.g., Gaetani and Grove, 1998; Niu, 2005). Consequently, the late phase basalts show a 484 

lower extent of partial melting (Fig. 12). In addition, during the late rift phase, while the much 485 
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larger late phase asthenospheric flow passed through the NSGL (Fig. 14C, D), the more intense 486 

lithospheric erosion made more ancient enriched material add into the mantle source, resulting in 487 

the mantle source becoming isotopically more enriched and heterogeneous (Fig. 10). 488 

 489 

6. Conclusions 490 

In this study, we investigate the temporal and spatial variations of rifting and volcanism in the 491 

Jianghan Basin. Both rifting and volcanism in the Jianghan Basin show two intense-to-weak 492 

cycles and significantly enhanced during the late rift phase. Meanwhile, rifting and depocentres 493 

progressively migrated eastward. Although all the Jianghan basalts share an asthenospheric origin, 494 

the source of the late phase basalts is isotopically slightly more enriched and heterogenous than 495 

that of the early phase basalts. The late phase basalts also display a smaller extent of partial 496 

melting even under a thinner lithosphere. By considering the evolution of the Jianghan Basin 497 

within a regional context, we propose that the passive rifting and upwelling model is incompatible 498 

with our observations and the tectonic evolution of the Jianghan Basin and eastern China has been 499 

at a first order controlled by Indian-Asia collision. The variations of rifting and volcanism in the 500 

Jianghan Basin indicate a multiphase and eastward asthenospheric flow beneath eastern China 501 

which experienced an intense upwelling when passing through the NSGL. The resulting model of 502 

the evolution of the Jianghan Basin, therefore, provides a unique insight into the development of 503 

an intracontinental rift and volcanic province and suggests that asthenospheric flow plays a much 504 

more important role in the regions where there are step changes in lithospheric thickness than 505 

previously considered. 506 

 507 
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 866 

Figure captions 867 

Fig. 1 Topographic map of China and neighboring regions (modified after Jiang et al., 2013). 868 

QDOB, Qinling-Dabie Orogenic Belt; NSGL, North–South Gravity Lineament; JHB, Jianghan 869 

Basin. The dashed lines (suture zones) mark the primary tectonic boundaries (after Zhao et al., 870 

2001). 871 

 872 

Fig. 2 (A) Simplified tectonic map showing the distribution of the Cenozoic rift basins (cf. Suo et 873 

al., 2012; Zhu et al., 2012; Wen, 2014) and basalts (Modified from Xu, 2007; Guo et al., 2016; 874 

Sun et al., 2017) in eastern China. Basin names: BBB, Bohai Bay Basin; WSB, West Sub-basin; 875 

CSB, Central Sub-basin; ESB, East Sub-basin; LB, Laiwu Basin; MB, Mengyin Basin; QB, 876 

Quanpu Basin; PB, Pingyi Basin; NB, Nanhuabei Basin; NXB, Nanxiang Basin; JHB, Jianghan 877 

Basin; SBB, Subei Basin; DB, Dongting Basin; PB, Poyanghu Basin; HB, Hengyang Basin; SSB, 878 

Sanshui Basin. See Fig. 1 for location. The eastward migration of faulting and depocentres of the 879 

Bohai Bay Basin is from Qi and Yang (2010), Suo et al. (2012, 2014) and Zhao et al. (2016). The 880 

eastward migration of volcanic activity in the eastern South China Block is from Gong and Chen 881 

(2014). Group A is basalts with ages older than 38 Ma; Group B is basalts with ages of 17-8 Ma; 882 
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Group C is basalts with ages younger than 8 Ma. (B-C) Competing models illustrating the distinct 883 

geodynamic origin for Cenozoic rifting and volcanism in eastern China: (B) Passive rifting and 884 

upwelling model (modified from Xu et al., 2012; Niu, 2013); (C) Active rifting and upwelling 885 

model (modified from Niu, 2005; Liu et al., 2004; Sun et al., 2017). The definition of “passive” 886 

and “active” is from Corti et al. (2003) and references therein. The ancient enriched lithospheric 887 

mantle (AELM) and juvenile depleted lithospheric mantle (JDLM) are from Wu et al. (2008). 888 

MTZ, mantle transition zone. 889 

 890 

 891 

Fig. 3 (A) Structural map of the Cenozoic Jianghan Basin, illustrating the distribution of major 892 

faults and related units. Fault names: WF, Wen’ansi Fault; WcF, Wancheng Fault; ZFZ, Zibei Fault 893 

Zone; QF, Qianbei Fault; ZgF, Zhugentan Fault; TmF, Tianmenhe Fault; TF, Tonghaikou Fault; ZF, 894 

Zhanggou Fault; KF, Kaixiantai Fault; BF, Baimiao Fault; ZlF, Zhoulaozui Fault; NF, Nanmiao 895 

Fault; HF, Honghu Fault; DF, Datonghu Fault. (B) Map showing the coverage of 2-D and 3-D 896 

seismic reflection data and locations of wells. Note that only part of wells in the East Jianghan 897 

Basin are shown. See Fig. 2A for location. 898 

 899 

Fig. 4 Stratigraphic column of the Jianghan Basin showing the key seismic horizons and systhetic 900 

well ties. The biostratigraphic data is from HBGMR (1990). The K-Ar and Ar-Ar ages are from 901 

Xu et al. (1995) and Peng et al. (2006) and shown with an error of 1 Myr. 902 

 903 

Fig. 5 (A-B) Uninterpreted and (C-D) interpreted seismic sections across the Wancheng Fault and 904 
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Qianbei Fault, accompanied by fault activity rates (FAR; E). (F) Time-depth conversion formula 905 

constructed by checkshots from ten selected wells. Ss, Shashi Stage; Xg, Xin’gouzui Stage; Js, 906 

Jingsha Stage; Qj, Qianjiang Stage; Jh, Jinghezhen Stage. The horizons and colors of the 907 

stratigraphic units are shown in Fig. 4. See Fig. 3 for locations. 908 

 909 

Fig. 6 (A) and (B) Field outcrop showing the conformable contact between basalt layer and 910 

overlying strata (Qianjiang Formation). (C) Photomicrograph of sample basalt (sample m-1) in the 911 

field outcrop. Pl, plagioclase; Cpx, clinopyroxene. See Fig. 3B for location. 912 

 913 

Fig. 7 Petrophysical characteristics of basalt layers on seismic profiles (A, B and C) and in well 914 

logs (D). Wells shown by solid lines are located on the profile and wells shown by dashed line are 915 

nearby the profile. The horizons and colors of the stratigraphic units are shown in Fig. 4. From 916 

deep to shallow, the thickness of basalt layers is 13.6 m (L1), 39.8 m (L2), 18 m (L3), 8.8 m (L4), 917 

12 m (L5) and 4.0 m (L6), respectively. Due to the detection limit of the seismic data, the fourth 918 

and sixth layers (L4 and L6) are too thin to be detected and they are show in Fig. 7B based on 919 

borehole data. The locations of the seismic profile and wells are shown in Fig. 3. 920 

 921 

Fig. 8 Map showing the spatiotemporal variations of Fault activity rates (FAR) of the major faults 922 

and volcanic activity in the Jianghan Basin, along with two stratal thickness profiles across the 923 

West and East Jianghan basins. Fault names are as in Fig. 3A. Thickness maps showing the 924 

distribution and volume of the rift-related basalts in the Jianghan Basin. The maximum thickness 925 

of basalts erupted during the Shashi Stage is uncertain and not considered in this study, as only 926 
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limited wells penetrate the basalt layers (Fig. S2A). See Figs. S1 and S3 for details of fault activity 927 

rates and the distribution and volume of basalts. 928 

 929 

 930 

Fig. 9 (A) Chondrite-normalized rare earth element patterns and (B) primitive mantle normalized 931 

incompatible element patterns of the Jianghan basalts. Chondrite, primitive mantle, average 932 

present-day ocean island basalts (OIB) and normal type mid-ocean ridge basalts (N-MORB) data 933 

are from Sun and McDonough (1989). The data of Cenozoic basalts in the eastern SCB (Li et al., 934 

2015b, 2016b; Liu et al., 2016; Chu et al., 2017; Zeng et al., 2017) is also plotted for comparison. 935 

 936 

Fig. 10 (A) Sr and Nd isotope compositions of the Jianghan basalts. The data source of Cenozoic 937 

basalts in the eastern SCB is as that in Fig. 9. (B) 計Nd(t) vs. 計Hf(t) diagram for the Jianghan basalts. 938 

OIB and mid-ocean ridge basalts (MORB) data (Stracke et al., 2003, 2005) are plotted for 939 

comparison. The ranges of EM1 and EM2 are according to Zindler and Hart (1986). Reference 940 

Terrestrial Arrar (計Hf = 1.36計Nd + 2.95) is after Vervoort and Blichert-Toft (1999). 941 

 942 

Fig. 11 (A) Ta*([Ta/U]N) vs. Nb*([Nb/Th]N) (Niu and Batiza, 1997) and (B) Nb/U versus Nb 943 

diagrams of the Jianghan basalts. The data of primitive mantle (PM), OIB and N-MORB are from 944 

Sun and McDonough (1989). The average ratios of Nb/U in MORB & OIB are from Hofmann et 945 

al. (1986). CC denotes continental crust (Rudnick and Gao, 2003). N denotes normalization to 946 

primitive mantle. The data of Cenozoic basalts in the eastern SCB is as that in Fig. 9. 947 

 948 
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Fig. 12 [Sm/Yb]N vs. [Zr/Y]N and [Hf/Er]N vs. [Zr/Ti]N diagrams showing that the late phase 949 

basalts have a smaller melting extent of asthenospheric mantle than the early phase basalts. N 950 

denotes normalization to primitive mantle. 951 

 952 

Fig. 13 Summary of the Cenozoic tectonic evolution of the Jianghan Basin, eastern China and 953 

adjacent plates. The overlap of paleolatitudes of the northern Tethys Himalaya and southern Lhasa 954 

Block is based on Hu et al. (2016) and Meng et al. (2017) (reference point at 29ºN, 88ºE). The 955 

sedimentary changes are from Hu et al. (2016). The slab breakoff and magmatic flare-up events 956 

are from Zhu et al. (2015a). The slowdown of the Indian plate is from (Besse et al., 1984; Patriat 957 

and Achache, 1984; van Hinsbergen et al., 2011). The onset of India-Asia collision is from 958 

(Rowley, 1998; Yi et al., 2011; Meng et al., 2012; Van Hinsbergen et al., 2012; Zhu et al., 2015a; 959 

Hu et al., 2016; Ma et al., 2016). The tectonic evolution of the Tibetan Plateau is from Meng et al. 960 

(2017). The removal of the thickened lithosphere beneath the Tibetan Plateau is from Chung et al. 961 

(1998, 2005). The eastward migration of volcanic activity and eruption gap in the eastern South 962 

China Block (SCB) is from Gong and Chen (2014). The eastward migration of faulting and 963 

depocentres in the Bohai Bay Basin (BBB) is from (Qi and Yang, 2010; Suo et al., 2012, 2014; 964 

Zhao et al., 2016). The depositional break and erosion in the Subei Basin (SBB) are from (Qian, 965 

2001; Liu et al., 2017). The dextral motion onset of the Tanlu Fault is from (Qi and Yang, 2010; 966 

Huang et al., 2015a). The sudden directional change of the Pacific plate motion is from (Sharp and 967 

Clague, 2006; Torsvik et al., 2017). The convergence rates between the Pacific and Eurasian plates 968 

are from Engebretson (1985) (dotted line) and Northrup et al. (1995) (solid line). 969 

 970 
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Fig. 14 Cartoon diagrams illustrating that eastward asthenospheric flow drove the evolution of the 971 

Jianghan Basin (cf. Niu, 2005; Liu et al., 2004; Sun et al., 2017). The horizontal extension 972 

amounts of the lithosphere are not displayed. The syn-rift sediments in each diagram represent 973 

depositions during each stage. The distribution of fluids or melts enriched in volatiles 974 

schematically represents the content of volatiles in the mantle. The ancient enriched lithospheric 975 

mantle (AELM) and juvenile depleted lithospheric mantle (JDLM) are from Wu et al. (2008). Ss, 976 

Shashi Stage; Xg, Xin’gouzui Stage; Js, Jingsha Stage; Qj, Qianjiang Stage; Jh, Jinghezhen Stage; 977 

NSGL, North-South Gravity Lineament. 978 
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