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[1] Two years of continuous recordings of ambient seismic noise observed at 425 13 

stations in South China in the years 2009 and 2010 are used to estimate Rayleigh 14 

wave group and phase velocity maps from 6 to 50 sec period. These maps place new 15 

constraints on crustal thickness and shear wave speeds from the shallow crust into the 16 

uppermost mantle. The paleo-architecture of the South China Block is reflected in the 17 

maps at short periods where the Yangtze Craton and South China Foldbelt are 18 

distinguishable. At longer periods, however, the dispersion maps are dominated by 19 

east-west variations, which largely reflect the influence of recent tectonics including 20 

crustal thickening and reduction of crustal shear wave speeds in the western Yangtze 21 

Craton and Youjian Block. In addition, the South China Foldbelt has a much thinner 22 

crust and a thinner lithosphere than the Yangtze Craton, on average. 23 

1. Introduction 24 

[2] The recent tectonic evolution of eastern Asia has been driven by subduction to the 25 



 2 

east and continental collision to the west. Eastern China is a fairly passive participant 26 

in this neo-tectonic framework, having formed no later than the early Paleozoic. The 27 

paleo-architecture of Eastern China is dominated by two crustal blocks, the 28 

Sino-Korean (or North China) Craton and the South China Block, which are separated 29 

by the Qinling-Dabie-Sulu orogenic belt. The South China Block was formed by the 30 

collision between the Yangtze Craton and the Cathasyia Block [e.g., Zheng et al., 31 

2006], which itself is composed of the South China Foldbelt and the younger 32 

Youjiang Block [Zhang et al., 2003]. (See Figure 1a.) The Sino-Korean and Yangtze 33 

Cratons are both Archean in age, but the geological structure of the Yangtze Craton is 34 

more poorly understood because it is largely shrouded in Precambrian strata [Lebedev 35 

& Nolet, 2003]. The Yangtze Craton encompasses two large sedimentary basins, the 36 

Jianghan Basin and the Sichuan Basin, which may have formed the nucleus of 37 

formation for the Yangtze Craton [Zhang et al., 1984]. The South China Block is 38 

tectonically stable and suffers few earthquakes, except along its northern margin and 39 

western margin where it presents an obstacle to eastern mass transport from the 40 

Tibetan Plateau [e.g., Royden et al.,1997] and numerous large earthquakes occur [e.g., 41 

Zhang et al., 2003]. 42 

[3] A number of factors have inhibited the seismic imaging of the crust and upper 43 

mantle beneath the South China Block, including the lack of seismicity and poor 44 

station coverage historically. At least parts of the South China Block have been 45 

imaged by larger scale tomographic studies, including Ritzwoller and Levshin [1998], 46 

Ritzwoller et al. [1998], Lebedev and Nolet [2003], Huang et al. [2003], and Zheng et 47 
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al. [2008]. By the end of 2007, however, a new digital seismic observing system was 48 

completed in China [Zheng et al., 2010a], which has been used in P-wave travel time 49 

tomography [e.g., Li and van der Hilst, 2010] and surface wave tomography in 50 

neighboring regions [e.g., Yang et al., 2010; Zheng et al., 2010b, 2011]. This 51 

observing system in South China consists of 425 seismic stations equipped with very 52 

broadband (VBB), ultra broadband (UBB), or broadband (BB) seismometers (Figure 53 

1b). We present here a new step in imaging the crust and uppermost mantle beneath 54 

the South China Block: Rayleigh wave ambient noise tomography in South China 55 

extending from periods of 6 to 50 sec. The resolution of structures in South China that 56 

emerges is unprecedented. 57 

2. Data and Methods 58 

[4] The use of ambient noise to extract surface wave empirical Green’s functions 59 

(EGFs) and to infer Rayleigh wave [e.g., Sabra et al., 2005; Shapiro et al., 2005] 60 

group and phase speeds in continental areas is well established [e.g., Bensen et al., 61 

2007; Lin et al., 2008]. The resolution of ambient noise tomography is limited only by 62 

the number, distribution, and quality of stations. We process two years of continuous 63 

vertical component ambient noise observed at 425 seismic stations in South China, so 64 

the cross-correlations predominantly contain only Rayleigh waves.  65 

[5] The data processing procedures we adopt here follow those of Bensen et al. [2007] 66 

and Lin et al. [2008]. Continuous data are decimated to one sample per sec and then 67 

filtered in the period band from 5 to 50 sec. Instrument responses are then removed 68 

from the continuous data because different types of seismic sensors are used; most are 69 
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BB (long period corner at 20 sec) but some are VBB (120 sec corner) or UBB (360 70 

sec corner). Time-domain normalization in a running window 80 seconds in length is 71 

applied to suppress the influence of earthquake signals and other irregularities and 72 

spectral whitening is applied to flatten spectra over the entire period band (5-50 sec). 73 

After completing these processing steps, cross-correlations are performed daily 74 

between pairs of stations in the period band from 5-50 sec and then are stacked over 75 

the two-year time window.  76 

[6] Figure 2 displays an example cross-correlation record section between Chinese 77 

station AHJIX and other stations in South China. Strong surface wave signals are 78 

observed on both positive and negative correlation lags. To simplify data analysis and 79 

enhance the signal-to-noise ratio (SNR) of the surface waves, we separate each cross 80 

correlation into positive and negative lag components and then add the two 81 

components to form the so-called“symmetric component.” 82 

[7] Group and phase velocity dispersion measurements of Rayleigh waves are 83 

obtained from the symmetric components of inter-station cross-correlations by 84 

automatic frequency-time analysis (FTAN) [Bensen et al., 2007]. Group velocity is 85 

measured on the envelope of the surface wave packet and phase velocity 86 

measurements are made on the phase content of the wave packet. Group and phase 87 

velocity are not constrained to agree although they are related theoretically [e.g., 88 

Levshin et al., 1999]. The automated FTAN dispersion measurements are winnowed 89 

by applying three criteria to select reliable measurements for surface wave 90 

tomography. (1) The distance between two stations must be greater than three 91 
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wavelengths for group velocity and two wavelengths for phase velocity to ensure 92 

sufficient separation of the surface wave packets from precursory noise. (2) SNR must 93 

be greater than 15 at each period for the measurement at that period to be accepted. (3) 94 

We require that the measurements agree with one another across the data set. 95 

Measurements that can be fit well by a smoothed tomographic map are considered to 96 

cohere within the data set as a whole, otherwise they are rejected. 97 

[8] In principle, 425 stations could produce up to about 90,000 cross-correlations. The 98 

smaller numbers presented in Table 1 reflects the strength of ambient noise (which 99 

reduces above ~20 sec period) and the pass-band of the China Provincial stations 100 

(which falls off above ~20 sec period for BB data). Also, at periods below ~10 sec, 101 

scattering from small-scale heterogeneities make measurement of surface wave 102 

speeds more difficult. In step (3) of data selection, travel time errors of π and 2π are 103 

identified and either corrected or removed from the data set. Group velocity 104 

measurements generally outnumber phase velocity measurements because of data 105 

rejection caused by π and 2π errors that affect the phase but not the group velocity 106 

measurements. 107 

[9] We perform surface wave tomography on the selected dispersion measurements to 108 

produce Rayleigh wave group and phase velocity maps on a 0.5° by 0.5° grid using 109 

the straight ray tomography method of Barmin et al. [2001]. The relatively short paths 110 

that are considered here will not be strongly affected by off-great circle effects except 111 

at short periods near the Sichuan Basin [e.g., Lin et al., 2009] and finite frequency 112 

effects will also be weak in the period band of study [Lin and Ritzwoller, 2011]. 113 
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Resolution is simultaneously estimated at each period. 114 

[10] Misfit statistics based for the final tomographic maps provide information about 115 

the quality of the dispersion measurements. Below 20 sec period, in the primary 116 

pass-band of Chinese BB instruments, phase travel time misfit is about 1 second and 117 

group travel time misfit is several times larger, the typical relationship between phase 118 

and group travel time misfits. Misfit degrades below 10 sec due to scattering from 119 

small-scale heterogeneities and above 20 sec because of reduction in signal level as 120 

the instrument response rolls off and because paths are typically longer, on average. 121 

Overall, misfit statistics establish that data quality is very high, particularly between 122 

10 and 20 sec period where it is similar to misfits derived from USArray data in the 123 

US [e.g., Lin et al., 2008]. 124 

3. Dispersion Maps  125 

[11] Rayleigh wave group and phase velocity maps are produced on a 2 sec period 126 

grid from 6 sec to 20 sec period and then on a 5 sec period grid to 50 sec period. 127 

Examples of these maps at 8, 14, 20 and 30 sec period are shown in Figures 3 and 4. 128 

Velocity perturbations are plotted only where resolution is better than 200 km. 129 

Resolution is defined as twice the standard deviation of a 2-D Gaussian fit to the 130 

resolution surface at each geographic node [Barmin et al. 2001]. At each period, the 131 

group velocity anomalies are sensitive to shallower structures than the phase 132 

velocities. Thus, for example, phase velocity maps should be compared with longer 133 

period group velocity maps. 134 

[12] The short period maps, e.g., 8 and 14 sec group velocity and 8 sec phase velocity, 135 
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are strongly influenced by the shallow part of the crust, particularly the existence of 136 

sediments. The major sedimentary basins, such as the Sichuan Basin, Jianghan basin, 137 

North China Plain, North Jiangsu Basin, and the South China Sea between the 138 

mainland and Hainan Island, all appear as low velocities. The boundary between the 139 

South China Block and the North China Carton is clear because of sediments 140 

deposited near boundary of these regions. The 14 sec group velocity map also shows a 141 

clear distinction between the South China Foldbelt and the generally faster Yangtze 142 

Craton. At short periods, the Youjian Block is not distinguishable from the South 143 

China Fold Belt. 144 

[13] At longer periods, 20 sec and above, the maps are affected by mid- to 145 

lower-crustal shear wave speed and at the longest periods by crustal thickness. At 146 

these periods, the velocity features lose the tectonic coherence seen at shorter periods; 147 

the predominant structure is a west to east velocity variation. On the 30 sec group 148 

velocity and the 20 sec phase velocity maps, for example, the Yangtze Craton is 149 

roughly bifurcated, being slow in the west and fast in the east. This is probably due to 150 

the influence of Tibet and the resulting thicker crust in the west [Zhang et al., 1984; 151 

Teng et al., 2003]. At these periods, the Youjian Block becomes distinguishable from 152 

the South China Foldbelt, probably again because of the influence of active tectonics 153 

in the west. However, the eastern Yangtze Craton and South China Foldbelt are not 154 

distinguishable, consistent with the expectations or results of earlier studies [Li and 155 

Mooney, 1998; Huang et al. 2003]. 156 

[14] The deepest sensitivity of these maps is provided by the 30 sec phase velocity 157 
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map, which is qualitatively similar to longer period maps up to 50 sec. These maps 158 

are strongly sensitive to crustal thickness where thicker crust appears as lower 159 

velocities. The sedimentary basins appear predominantly as high velocity features on 160 

this map, which is common for sedimentary basins around the world. In addition, the 161 

South China Foldbelt is generally faster than the eastern Yangtze Craton, reflective of 162 

thinner crust as discussed in section 4. Finally, very low velocities are imaged for the 163 

Bayan Har, Chuandian, and South Yunnan Blocks, which are expected for these 164 

actively deforming regions with thicker crust (section 4). 165 

4. Discussion 166 

[15] The paleo-architecture of the South China Block varies predominantly in the 167 

north-south direction. These variations are primary observed at short periods where 168 

the Yangtze Craton and South China Foldbelt are distinguishable (e.g., Fig 3b). At 169 

longer periods, the dispersion maps are dominated by east-west variations, which 170 

largely reflect recent tectonic influences. These trends are seen more clearly in the 171 

local dispersion curves and shear velocity (Vs) model constructed by Monte-Carlo 172 

inversion [e.g., Shapiro and Ritzwoller, 2002]. Presenting the full 3-D Vs model is 173 

beyond the scope of this paper, but example profiles to 80 km depth beneath the 174 

Chuandian Block, the Sichuan Basin, the Yangtze Craton, and the South China 175 

Foldbelt are shown in Figure 5. Selected features of these four profiles are 176 

summarized in Table 2. 177 

[16] The crust is thicker in the western part of the study region being roughly the 178 
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same inside (~43±6 km) and outside (~42±5 km) the Sichuan Basin within the 179 

western Yangtze Craton. The crust of the Chuandian Block is much thicker (~52±6 180 

km) and that of the South China Foldbelt much thinner (~31±4 km) than the Yangtze 181 

Craton. Sediments in the Sichuan Basin are estimated to have a thickness of 5±2 km. 182 

The Yangtze Craton and South China Foldbelt have similar shear wave speeds in the 183 

lower crust (3.60-3.65 km/s), but the lower crust of the Sichuan Basin is much faster 184 

(3.74±0.04 km/s) and that of the Chuandian Block much slower (3.42±0.04 km/s). 185 

Uppermost mantle wave speeds at 80 km depth beneath the Sichuan Basin and 186 

western Yangtze Craton are similar (~4.7±0.1 km/s), but are much slower beneath the 187 

Chuandian Block (4.44±0.12 km/s) and South China Foldbelt (4.34±0.1 km/s) 188 

indicating a thinner lithosphere beneath these structures. Thus, compared with the 189 

Yangtze Craton the South China Foldbelt has a much thinner crust and a thinner 190 

lithosphere whereas the Chuandian Block has a thicker crust but thinner lithosphere. 191 

[17] The presentation of a full 3-D model for South China will await extension of the 192 

analysis to longer periods by introducing earthquake data via multi-plane wave [Yang 193 

et al., 2008], eikonal [Lin et al., 2009], or Helmholtz [Lin and Ritzwoller, 2011] 194 

tomography in order to improve constraints on crustal thickness and uppermost 195 

mantle structure. 196 

 197 
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 282 

Figure Captions: 283 

Figure 1. (a) Tectonic map of South China. Thick lines indicate the boundaries of the 284 

major tectonic units and basins, after Zhang et al. [1984] and Zhang et al [2003]. The 285 

South China Block comprises the Yangtze Craton, which encompasses the Sichuan 286 

Basin (SB) and the Jianghan Basin (JB), the South China Foldbelt, and the Youjian 287 

Block (YB). Other identified tectonic features are: OB, Ordos Basin; NCP, North 288 

China plain; NJB, North Jiangsu Basin; BHB, Bayan Har Block; CB, Chuandian 289 

Block; SYB, South Yunnan Block; YB, Youjiang Block. The four diamonds identify 290 

locations referred to in Fig. 5. (b) The 425 broadband China Provincial Seismic 291 

Network stations (red triangles) used in this study. The blue triangle is the location of 292 

station AHJIX referred to in Fig. 2. 293 

Figure 2. Two-year cross-correlations filtered between periods of 5 and 50 sec are 294 

shown between seismic station AHJIX (blue triangle in Fig. 1b) and other stations.  295 

Rayleigh waves appear at both negative and positive correlation lag times with a 296 

move-out of about 3 km/s. Arrivals near zero time are probably mostly teleseismic 297 

body waves, which are not studied here.   298 

Figure 3. Rayleigh wave group velocity maps at periods of 8, 14, 20 and 30 sec. 299 

Maps truncate (revert to grey shades) where resolution is worse than 200 km. Average 300 

group velocities at these periods are 2.9488 km/s, 2.9177 km/s, 2.9514 km/s and 301 

3.2937 km/s, respectively. 302 
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 303 

Figure 4. Rayleigh wave phase velocity maps at periods of 8, 14, 20 and 30 sec. As in 304 

Fig. 3, maps truncate where resolution is worse than 200 km. Average group velocities 305 

at these periods are 3.1335 km/s, 3.2854 km/s, 3.4748 km/s, 3.7141 km/s, 306 

respectively. 307 

Figure 5. Dispersion curves and inferred Vs profiles at different locations: Chuandian 308 

Block, Sichuan Basin, Yangtze Craton, and South China Foldbelt. Locations are 309 

indicated by the green, black, blue, and red diamonds in Fig. 1a, respectively. (Top 310 

Row) Rayleigh wave phase (red lines) and group (blue lines) velocities predicted from 311 

the best fitting Vs model are compared with the measured values (error bars) extracted 312 

from the dispersion maps at each location. Square-root of χ
2
 misfit is listed as “RMS 313 

misfit”. (Middle Row) Shallow Vs structure: 2σ corridor of acceptable models 314 

between the surface and 25 km depth, highlighting the shallow crust. (Bottom Row) 315 

Full Vs model: 2σ corridor of acceptable models between the surface and 80 km depth, 316 

highlighting crustal thickness (dashed line). 317 
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 324 

Table 1. Final number of measurements and misfit. 325 

Period (sec) 
Number of  

measurements 

  Final Misfit (sec) 

Group    Phase Group    Phase 

6.00      14245    14016         1.96      1.37 

8.00      19776    19485         2.33      1.43 

10.00      26008    24513         2.67      1.12 

12.00      28761    27014         2.86      0.98 

14.00      30255    28361         2.93      0.93 

16.00      31082    29326         3.33      1.12 

18.00      30350    28540         3.78      1.12 

20.00      27561    25947         4.02      1.12 

25.00      18940    17769         4.62      1.26 

30.00      11913    11186         4.75      1.42 

35.00      7257     6905          5.09      1.62 

40.00      4849     4592          5.39      1.77 

45.00      3135     3002          5.24      1.87 

50.00      2086     1974          5.51      1.94 

 326 

 327 

 328 

Table 2. Summary characteristics of models shown in Fig. 5. Uncertainties are 2σ for 329 

velocities and 1σ for sediment and crustal thickness. 330 

 Chuandian Block Sichuan Basin Yangtze Craton South China Foldbelt 

Thickness, sediments 0.44 ± 0.30 km 5.26 ± 1.70 km 0.98 ± 0.53 km 0.21 ± 0.12 km 

Thickness, crust 51.99 ± 5.7 km 43.00 ± 6.22 km 42.18 ± 4.86 km 31.12 ± 3.71 km 

Vs, 20km 3.42 ± 0.04 km/s 3.74 ± 0.04 km/s 3.65 ± 0.04 km/s 3.60 ± 0.04 km/s 

Vs, 80km 4.44 ± 0.12 km/s 4.70 ± 0.10 km/s 4.68 ± 0.09 km/s 4.34 ± 0.09 km/s 

 331 

 332 
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