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Abstract 

Based on 1-2 years of continuous observations of seismic ambient noise data obtained at more 

than 600 stations in and around Tibet, Rayleigh wave phase velocity maps are constructed from 10 

sec to 60 sec period. A 3-D Vsv model of the crust and uppermost mantle is derived from these 

maps.  The 3-D model exhibits significant apparently inter-connected low shear velocity features 

across most of the Tibetan middle crust at depths between 20 and 40 km. These low velocity zones 

(LVZs) do not conform to surface faults and, significantly, are most prominent near the periphery 

of Tibet. The observations support the internal deformation model in which strain is dispersed in 

the deeper crust into broad ductile shear zones, rather than being localized horizontally near the 

edges of rigid blocks. The prominent LVZs are coincident with strong mid-crustal radial 

anisotropy (Shapiro et al., 2004) in western and central Tibet and probably result at least partially 

from anisotropic minerals aligned by deformation, which mitigates the need to invoke partial melt 

to explain the observations. Irrespective of their cause in partial melt or mineral alignment, mid-

crustal LVZs reflect deformation and their amplification near the periphery of Tibet provides new 

information about the mode of deformation across Tibet. 
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1. Introduction 

The Tibetan Plateau results from the convergence between the Indian and Eurasian plates, 

which has been an on-going process since the Late Cretaceous to Early Paleocene. The physical 

processes that have controlled the deformation history of Tibet, particularly the potential 

localization of deformation either in the vertical or horizontal directions, remain subject to debate. 

Two general models are commonly proposed, although there are finer distinctions between them 

(e.g., Searle et al., 2011). The first is the “rigid block” model in which deformation is primarily 

localized along active faults that bound the blocks (e.g., Tapponnier and Molnar, 1977; Avouac 

and Tapponnier, 1993). (General tectonic features are identified in Figure 1.) The second is the 

“internal deformation” model where the medium is treated as a non-rigid continuum in which 

deformation is spread out within the blocks (e.g., England and Houseman, 1986; England and 

Molnar, 1997). In this model, strain, which is clearly localized near the surface, disperses in the 

deeper crust into much broader ductile shear zones, in which the lithosphere may deform more or 

less homogeneously vertically via “vertically coherent deformation” (e.g., Flesch et al., 2005) or 

may be dominated by more rapid ductile “channel” flow in the middle and/or lower crust (e.g., 

Bird, 1991; Clark and Royden, 2000; Beaumont et al., 2004; Searle et al., 2011).   

Geophysical evidence can help to discriminate between these competing models (e.g., Molnar, 

1988; Klemperer, 2006). In particular, it is important to provide constraints on whether Tibet 

deforms in a way that honors the surface expression of crustal blocks and faults and whether 

pervasive, interconnected weak layers or channels in the crust are observable. There is a growing 

list and wide variety of evidence that suggests that the Tibetan crust is warm and presumably 

ductile, including extensive Cenozoic volcanism (e.g., Chung et al., 2005), low electrical resistivity 

in the mid- to lower-crust (e.g., Unsworth et al., 2005; Bai et al., 2010), satellite magnetic 

anomalies consistent with a raised Curie isotherm (Alsdorf and Nelson, 1999), and the lack of mid- 

to lower-crustal earthquakes (e.g., Chu et al., 2009; Sloan et al, 2011). Previous seismological 

observations include strong P-to-S conversion bright-spots on active source wide-angle reflection 

data (Makovsky and Klemperer, 1999; Makovsky et al., 1999), strong crustal attenuation (e.g., Xie, 

2004; Rai et al., 2009; Levshin et al., 2010), crustal low velocity features (e.g., Kind et al., 1996; 

Cotte et al., 1999; Rapine et al., 2003; Xu et al, 2007; Caldwell et al., 2009; Guo et al., 2009; Li et 

al., 2009; Yao et al., 2008, 2010; Acton et al., 2010; Jiang et al., 2011) inferred from receiver 
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functions or surface wave dispersion, and strong radial anisotropy, characteristic of significant 

shear strains, in the middle crust (e.g., Shapiro et al., 2004; Duret et al., 2010; Huang et al., 2010).  

These observations are often taken as prima facie evidence for the existence of partial melt or 

aqueous fluids in the middle or deep crust beneath Tibet and in some cases for the decoupling or 

partitioning of strain between the upper crust and uppermost mantle. However, much of this 

evidence is highly localized along nearly linear seismic or magneto-telluric profiles. This motivates 

the two questions addressed by this paper: First, how pervasive across Tibet are the phenomena on 

which inferences of the existence of crustal partial melt rest? In particular, how pervasive are mid-

crustal low velocity zones (LVZs) across Tibet? Second, what is the geometry or inter-connectivity 

of the crustal LVZs observed across Tibet?  

We address these questions by producing a new 3-D model of crustal and uppermost mantle 

shear wave speeds inferred from Rayleigh wave dispersion observed on cross-correlations of long 

time series of ambient seismic noise. Broad band data from about 600 stations (Chinese Provincial 

networks, FDSN, PASSCAL experiments), identified in Figure 1b and yielding about 50,000 high 

quality inter-station dispersion paths, are used to generate Rayleigh wave phase velocity maps 

from 10 sec to 60 sec period. The time series in the cross-correlations range from 1 to 2 years in 

duration. What emerges from this study is a synoptic view of the amplitude, distribution, and inter-

connectivity of crustal low velocity zones across Tibet. The principal observation is that significant 

apparently inter-connected low wave speed anomalies exist across most of the Tibetan middle 

crust, that these anomalies do not obviously conform to surface faults, and the anomalies are most 

prominent near the periphery of Tibet.  

Figure 2 presents an example of the dispersion characteristics of a LVZ. Figure 2a shows two 

models, one with a well-defined low velocity minimum (red dashed line) and the other without one 

(solid blue line), and the corresponding Rayleigh wave phase speed curves are displayed in Figure 

2b. A LVZ manifests as very low phase speeds (<3.3 km/s) below 20 sec period and, in the 

absence of near surface sediments, produce a phase velocity minimum between 10 and 20 sec 

period. A change from negative to positive slopes for a Rayleigh wave phase velocity curve can 

result only from a vertically localized minimum of shear wave speed. Very low Rayleigh wave 

phase speeds below 20 sec period are common across much of Tibet. For example, Figure 3a 

displays observed cross-correlations between two pairs of stations for the paths identified in Figure 
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1b. One of these paths evidences a well-defined minimum in the phase velocity curve (red line in 

Fig. 3b) that must result from a vertically localized minimum in shear velocity. The other curve 

(blue line in Fig. 3b) does not possess the local minimum. However, below 20 sec period, the 

Rayleigh wave phase velocity measured for both paths is very slow, below 3.15 km/s. We will 

attempt to discriminate between these two types of observations here, although both in principle 

may be related to partial melt in the middle crust. 

The outline of this paper is as follows. In section 2 we summarize the data and tomography that 

results in Rayleigh wave phase velocity maps from 10 to 60 sec period across Tibet. Yang et al. 

(2010) presents the primary description of the ambient noise data processing. Evidence for a mid-

crustal low velocity zone inferred directly from local dispersion curves is presented in section 3. 

The construction of the 3D Vsv model and a discussion of its principal features are presented in 

sections 4 and 5, respectively. In section 6, we discuss the amplitude of the Tibetan mid-crustal 

low velocity zone as well as its distribution and connectivity. We also consider several corollary 

questions, including whether the observed mid-crustal low velocity features reflect the existence of 

partial melt or aqueous fluids, whether they are evidence for vertical decoupling between the crust 

and uppermost mantle, and whether we observe evidence for lower crustal eclogitization. 

2. Data processing and tomography 

In a related study, Yang et al. (2010) applied ambient noise tomography to continuous seismic 

data from about 600 stations in Tibet and surrounding regions recorded during the years 2003-2009 

to produce Rayleigh wave phase velocity maps at periods from 10 to 50 sec. These stations, shown 

in Figure 1a, include the permanent Federation of Digital Seismographic Networks (FDSN) across 

the region, five temporary US PASSCAL experiments in and around Tibet, and Chinese provincial 

networks surrounding Tibet. Because different stations are equipped with different types of 

seismometers, especially among the Chinese stations, instrument responses are removed from 

continuous seismic data in order to unify the frequency dependent time series recorded at different 

types of seismometers before performing inter-station cross-correlations. 

In removing instrument responses, typically two types of response files may be adopted: 

Pole/Zero files that represent only the mechanical response of the instruments and RESP files 

which include digital filtering stages. Yang et al. (2010) used Pole/Zero response files because, in 

principle, both methods should result in similar phase content after removing instrument responses 
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from raw seismograms within the pass band of the instrument. This was not a good strategy, 

however, because when Pole/Zero response files are used more than 90% of the cross-correlations 

between Chinese stations show no observable surface waves above 30 sec period, whereas most 

cross-correlations among PASSCAL stations have high signal-noise-ratio surface waves up to 60 

sec period. For this reason, we re-processed all of the data originally processed by Yang et al. 

(2010), but applied RESP response files to remove instrument responses. This results in observable 

surface waves at periods longer than 30 sec on most cross-correlations among Chinese stations in 

addition to almost identical surface waves at shorter periods. The phase velocity maps presented 

here, therefore, are different from those presented by Yang et al. (2010) at periods longer than ~30 

sec. All details of data processing, quality control, and tomography except for the instrument 

responses are the same as described by Yang et al. (2010), however.  

The resulting dataset has much better path coverage at periods longer than 30 sec and extends 

up to 60 sec. Two examples of phase velocity maps and associated ray path coverage and 

resolution at periods of 10 sec and 40 sec are plotted in Figure 4. Resolution at other periods is 

similar and is estimated to be ~100-150 km in the region to the east of 90.0oE where station 

coverage is more dense. Resolution degrades to ~200-300 km in western Tibet where stations are 

more sparse. The new phase velocity maps significantly increase the well resolved area at periods 

longer than 30 sec and also extend the longest period maps to 60 sec. This provides better 

resolution of deeper structures. In regions where the path coverage is good in both the current and 

previous study, the new phase velocity maps remain nearly identical. 

 Yang et al. (2010) discussed the main features of the phase velocity maps, which we only 

briefly summarize here. At short periods (e.g., Fig. 4a), strong low velocity anomalies are 

correlated with the major sedimentary basins such as the Tarim, Junggar, Qaidam and Sichuan 

basins and the Ordos Block. At intermediate and long periods (>25 s), e.g., Figure 4b, high 

velocity anomalies are observed within the Tarim Basin, the Ordos Block and the Sichuan Basin 

and phase velocities in the Tibetan Plateau are lower than in the surrounding regions, which 

indicates the thicker crust of the Tibetan Plateau.  

3. Local dispersion curves 

To invert for a 3-D Vsv model from the phase velocity maps, we first extract local phase 

velocity dispersion curves at each node on a 1°×1° grid from the phase velocity maps between 



6 
 

periods of 10 and 60 sec. Examples of local dispersion curves are plotted in Figure 5 for four 

locations across the region of study, two from Tibet and one each from the Ordos Block and 

Sichuan Basin. The locations are identified in Figure 1a. The phase velocity curves from the 

Sichuan Basin and the Ordos Block are quite different from those in Tibet. Much of this difference 

is due to the thicker Tibetan crust, which lowers phase velocities at periods above ~25 sec. The 

curves from the Sichuan Basin and the Ordos Block begin to flatten at about 30 sec period, which 

reflects the change of sensitivity from the crust to the upper mantle.  This flattening occurs at 

longer periods for the Tibetan dispersion curves.  

We are primarily interested in the more subtle differences in the phase velocity curves within 

Tibet. On average, the dispersion curves across Tibet at periods longer than 25 sec are similar to 

one another. There are, however, significant geographical variations in the dispersion curves below 

25 sec period. For example, the dispersion curve (red line in Fig. 5) for the Songpan-Ganzi Terrain 

in northern Tibet has a negative slope between periods of 10 and 20 sec, whereas the slope of the 

dispersion curve is positive for the northern Lhasa terrain in central Tibet (orange line in Fig. 5).  

As discussed in the Introduction, we take this negative slope between 10 and 20 sec period in 

the phase velocity as clear evidence for a shear velocity minimum in the middle crust. To visualize 

the spatial distribution of the negative slopes in local dispersion curves, we plot all the slopes of 

individual local dispersion curves at 11 sec period in Figure 6.  The maps of the slopes of local 

dispersion curves at other periods up to 16 sec are similar. Especially strong positive slopes are 

observed in the Tarim, Junggar, Qaidam and Sichuan basins as well as in the Ordos Block, 

indicating that shear velocities increase rapidly with depth. This is reflective both of very low 

surface velocities due to sediments and the lack of a mid-crustal low velocity zone. Across the 

Tibetan Plateau, however, the slopes of local dispersion curves are much smaller than the 

surrounding basin regions. Negative slopes create a ring around the periphery of Tibet, with the 

strongest negative slopes appearing in northern Tibet. There are also two patches of negative 

slopes in the western Qilian Orogen and in the Yuan plateau directly to the south of the Sichuan 

Basin.   

From the observation of the distribution of negative slopes on local dispersion curves, we 

hypothesize the existence of a mid-crustal Vsv low velocity zone in a ring around the periphery of 

Tibet. Negative slopes in dispersion curves can be obscured, however, by the existence of 
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sediments or amplified by exceptionally high-speed rocks near the surface. To infer the existence, 

distribution, and amplitude of crustal low velocity zones, therefore, requires the construction of a 

3-D Vsv model. 

4. Construction and reliability of the 3D Vsv model 

We adopt an iterative linearized least-squares procedure to invert each local dispersion curve 

for a set of 1D Vsv profiles for each node on a 1°×1° grid. The 3D Vsv model is then constructed 

by assembling all of the individual profiles. Because only Rayleigh waves are used in the inversion, 

properly speaking we construct a Vsv model even though we refer to it as a shear wave speed 

model. In the absence of radial anisotropy, Vsv and Vs would be identical, but the mid-crust is 

believed to have strong radial anisotropy across much of Tibet (e.g., Shapiro et al., 2004). 

Rayleigh wave phase velocities are primarily sensitive to S-wave speeds, less to P-wave speeds, 

and less still to density. We fix density in the inversion and assign the initial density (ρ) from the 

starting S-wave model (Shapiro and Ritzwoller, 2002) using the ρ/Vs ratio of 0.81  (Christensen & 

Mooney, 1995). We invert only for S-wave speeds but scale P-wave to S-wave speed assuming the 

materials of the crust and uppermost mantle are Poisson solids.   

Accurately modelling anelastic effects in the resulting 3-D model is potentially more 

problematic, particularly because Q of the crustal low velocity zone beneath Tibet may be quite 

low and the amplitude and distribution of crustal Q are largely unknown. In the inversion, we 

apply a physical dispersion correction (Kanamori and Anderson, 1977) using the Q model from 

PREM (Dziewonski & Anderson 1981), in which shear Q is 600 in the ‘lid” (top 120 km), 80 in 

the uppermost mantle to 220 km depth, and 140 below that. The PREM model is plausible for the 

Tibetan uppermost mantle, although Q is probably lower in the mantle part of the ‘lid’ beneath 

Tibet. Compared to an elastic uppermost mantle, the lower Q of PREM reduces Rayleigh wave 

phase velocity at 50 sec period by about 1%. However, because the Tibetan crust is warm and may 

possess pockets of partial melt, PREM’s crustal Q is much too high and, therefore, the crustal part 

of the anelastic physical dispersion correction will be underestimated by the PREM Q model. To 

assess the effect on Rayleigh wave phase velocities of a mid-crustal low Q zone, we computed 

dispersion curves for the LVZ Vsv model in Figure 2a (red dashed line) using the PREM Q model 

and compared them to curves from a low crustal Q model in which Q is 80 between 20 and 50 km 

depth but equal to the PREM Q at other depths. The low crustal Q model reduces Rayleigh wave 
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phase speed relative to the PREM Q model by 5 m/s (~0.2%) at 10 sec period and 17 m/s (~0.5%) 

at 20 sec period. Because physical dispersion increases with period (although it is offset by 

decreasing sensitivity to crustal structure), slightly larger physical dispersion effects are seen 

between 20 sec and 30 sec period. In this paper we focus on low Rayleigh wave phase velocities 

between 10 sec and 20 sec period as diagnostic of low velocities in the middle crust. In this period 

range, low crustal Q, which probably accompanies low Vs in the middle crust, will affect Vs by 

only a small amount (<0.5%). Therefore, our ignorance of the magnitude and distribution of mid-

crustal low Q zones will have a negligible effect on inferences concerning low velocity zones in 

the Tibetan crust. 

Depth-dependent shear wave speeds are parameterized in eleven constant velocity layers from 

the surface to a depth of 160 km with layer thickness varying from 5 km at the surface to 50 km 

near the bottom of the model. Shear wave speeds are fixed to the starting model at depths below 

160 km. Predicted phase velocities from the Vsv profiles and their partial derivatives at individual 

periods with respect to perturbations in Vs at various depths are calculated using the method of 

Saito DISPER80 (Saito, 1988). During the inversion, shear wave speeds are damped slightly and 

smoothed vertically between neighboring layers. The predicted phase velocities and partial 

derivatives are updated iteratively based on refinements in the Vs model. The starting model for 

the inversion is Vsv from the global model of Shapiro and Ritzwoller (2002). Due to the trade-off 

between Moho depth and Vs right above and below Moho, strong damping is assigned to 

perturbation in Moho depth. Thus, the final Moho depths depend strongly on the starting model. 

Details about the inversion are described by Yang and Forsyth (2006) and Yang et al. (2008a, b). 

Example results of inversion of the two Tibetan local dispersion curves in Figure 5 for 1D Vs 

models are presented in Figure 7. The locations of the dispersion curves are identified with red 

stars in Figure 1a in the Songpan-Ganzi Terrane (95oE, 35oN) and the northern Lhasa Terrane 

(92oE, 32oN). The dispersion curves themselves are presented with error bars in Figure 7a,b and 

the results of the linearized inversions are presented with red lines in Figure 7c,d. As expected, due 

to the negative slope in the dispersion curve seen in Figure 7a, the Vsv profile at the Songpan-

Ganzi location displays a low velocity zone (LVZ) with a pronounced velocity minimum.  The 

LVZ extends from about 15 km to 45 km depth with the minimum velocity near 35 km. In contrast, 

at the northern Lhasa location, shear velocities increase nearly monotonically with depth without a 

pronounced shear velocity minimum. Again, this is consistent with the monotonic increase in 
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phase velocities evident in Figure 7b. 

One may suspect that the low velocity zone shown in Figure 7c is an artifact of the inversion 

procedure, perhaps resulting from over-parameterization of the model.  To demonstrate that this 

suspicion would be unfounded, we perform a Monte-Carlo inversion for the same two points using 

a very different, much smoother parameterization. The method is similar to the Monte-Carlo 

inversion performed by Shapiro and Ritzwoller (2002), but model space is parameterized with five 

cubic B-spine functions for the crust and five cubic B-splines in the upper mantle with a velocity 

jump at Moho, rather than using constant velocity layers for both the crust and upper mantle in the 

linear inversion. The Monte-Carlo inversion searches model space broadly to generate numerous 

Vsv models. Only those models that fit the Rayleigh wave dispersion curves on average within two 

standard error bars of the dispersion data are retained to form the ensemble of “accepted” models 

The determination of the accepted models that result from the Monte-Carlo inversion requires 

errors bars for the dispersion curves, which is problematic. Yang et al. (2010) applied the 

tomographic method of Barmin et al. (2001), which does not produce local error estimates, only 

estimates of resolution (Fig. 4e,f). Reliable error bars can be estimated using eikonal tomography 

(Lin et al., 2009), but the station coverage in this study, particularly across Tibet, is too irregular 

for the method to be applied. However, Lin et al. (2009) demonstrate that uncertainties in Rayleigh 

wave phase velocities average 5-10 m/s across the western US. The data quality in the present 

study is somewhat lower than in the western US, and we believe that a reasonable value for 

uncertainty is about 10 m/s for each phase velocity measurement considered here. This is the size 

of the error bars seen in Figure 7a,b. 

The ensemble of accepted Vsv models from the Monte-Carlos inversion is plotted in Figure 

7c,d as a gray corridor, which represents one standard deviation of the Vs assemblage around the 

mean. The two blue lines present the corridor for two standard deviations. The predicted phase 

velocity curves from the models contained in the grey corridor are plotted as gray lines in Figure 

7a,b.  

At the Songpan-Ganzi location, a LVZ is present in every member of the ensemble of accepted 

models, which confirms the robustness of the similar result from the linearized inversion. Any 

vertically monotonically increasing Vs model at this point cannot fit the dispersion curves within 

the required uncertainty, especially in the negative-slope period range from 10 to 20 sec. Thus, the 
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Monte-Carlo inversion demonstrates the credibility of the low velocity zone observed in the middle 

crust from the linearized inversion. However, for the dispersion curve in the northern Lhasa terrain, 

all of the accepted models possess monotonically increasing shear wave speeds in the crust, 

indicating that a velocity minimum is inconsistent with the data. Although the two model points in 

Tibet differ with respect to the presence of a shear velocity minimum in the crust, they agree in that 

shear wave speeds are exceptionally low (< 3.3 km/s) between depths of 20 and 40 km.  

Note, however, that there is a significant difference in the models constructed with the 

linearized inversion and the Monte-Carlo inversion in the lower crust, which is caused by the 

different parameterizations and constraints imposed. The layered parameterization of the linearized 

inversion allows larger vertical variations in Vs, whereas the B-spine parameterization used in the 

Monte-Carlo inversion produces a vertically smoother model. Thus, the higher shear wave speeds 

in the lower crust produced by the linearized inversion are not required to fit the data. Rather, the 

introduction of these higher wave speeds is the way the method resolves the trade-off between 

Moho depth and shear wave speeds in adjacent layers. The trade-off is apparent in the Monte Carlo 

inversion results as an increase in the width of the ensemble of accepted models near the Moho. 

Joint inversion of receiver functions with surface wave dispersion will help to improve estimates of 

Moho depth as well as shear wave speeds in the adjacent layers (e.g., Shen et al., 2011).  

 To minimize computational expense, we present the results from the linearized inversion here 

as the final 3D Vsv model. This means that we do not have the uncertainty estimates on the 3-D 

model that result from the Monte-Carlo inversion. The similarity between the Vsv models that 

emerge from the Monte-Carlo and linearized inversions guarantees that inferences about the 

magnitude and distribution of crustal low velocity zones will be the same, however.  But, the 

interpretation of high wave speeds in the lower crust approaching 4.0 km/s in the linearized 

inversion should be greeted with caution, as they are not formally required by the data. 

5. The 3-D Vsv model 

   Before discussing the geometry, extent, and apparent connectivity of the mid-crustal low 

velocity zone, we discuss the 3-D model more generally in this section. In order for relative 

velocities to be computed, Figure 8 presents the regional average over the entire study area (blue 

line) as well as just across the Tibetan Plateau (red solid line). Shear wave speeds averaged across 

Tibet are lower than those averaged over the entire study region at all depths except in the top 10 
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km. The low velocities in the top 10 km averaged across the entire region result from the 

sedimentary basins surrounding Tibet. The mean shear velocity profile for Tibet has a subtle low 

velocity zone in the middle crust from about 15 to 40 km depth with the minimum shear wave 

speed of ~3.25 km/s appearing between depths of 20 and 30 km.  The plots of relative shear 

velocities for the horizontal model slices shown in Figure 9 are taken relative to the regional 

average (blue line in Fig. 8). Figure 10 presents absolute velocities in the vertical model profiles. 

In the upper crust (5-15 km), the principal velocity features are the prominent low wave speeds 

of the sedimentary basins (Fig. 9a), including the Tarim, Junggar, Qaidam and Sichuan Basins. 

Resolved sediments are seen clearly beneath the basins that appear as low elevation features in 

Figure 10: A-A’, Tarim Basin; B-B’, Qaidam Basin; E-E’ and F-F’, Sichuan Basin. Low wave 

speeds are only present in the northern part of the Ordos block. The Qiangtang Terrane is slower 

than other parts of Tibet at 5 km depth. This is a region of Tibet with a relatively large number of 

sedimentary basins although the basins tend to be narrow in the north-south direction and 

elongated east-west (e.g, Fenghuo-Shan basins). Low wave speeds persist to 15 km depth in the 

Tarim, Junggar, and Qaidam basins (Fig. 9b), whereas there are higher wave speeds in the Sichuan 

Basin, indicating that sediments in the Tarim, Junggar, and Qaidam basins are either thicker or 

considerably slower than those in the Sichuan Basin. The western Qiangtang Terrane has the 

slowest shear wave speeds across the entire region at 15 km depth. This is reflected in the 

westward shallowing of the crustal low velocity zone visible in profile D-D’ in Figure 10. 

Outside of Tibet at 30 km depth (Fig. 9c), which corresponds to the lower crust (Fig. 9f), high 

velocities are imaged beneath the basins including the Tarim, Qaidam, and Sichuan basins as well 

as the Ordos block. The lower crustal high velocities beneath the basins appear particularly clearly 

in the horizontal velocity profiles in Figure 10: A-A’, Tarim and Junggar basins; B-B’, Qaidam 

Basin; F-F’, Sichuan Basin. Such high velocity blocks are caused by cold and presumably strong 

lithosphere, not surprising for the Tarim and Sichuan basins that have impeded the outward growth 

and deformation of the Tibetan Plateau, which results in sharp topography along their boundaries. 

There are less pronounced high velocities in the Qaidam Basin, but this may result from the 

inability to resolve the anomaly fully in this smaller basin. At depths of 55 and 80 km, which are 

uppermost mantle depths outside of Tibet, the substructure of the basins remains fast and 

presumably strong, particularly for the Tarim Basin (Fig. 10, A-A’) and the Sichuan Basin (Fig. 
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10, E-E’, F-F’). This illustrates that the Tarim and Sichuan basins and the Ordos block are strong 

from the lower crust well into the mantle. 

Within Tibet at 30 km and 55 km depth (Fig. 9c,d), which are in the middle and lower crust 

(Fig. 9f), respectively, seismic wave speeds are generally slow compared to the surrounding 

regions (Fig. 9c,d). At 30 km, this presumably reflects elevated temperatures and the state of 

deformation of the Tibet crust, but at 55 km the apparent low wave speeds result because this is a 

mantle depth outside of Tibet. Wave speeds vary considerably across the plateau, however, as 

reflected by the somewhat patchy nature of the lowest wave speed anomalies observed in the 

central crust in Figure 10. The lowest wave speeds reside in northern Tibet mainly within the 

Qiangtang Terrane at 30 km depth but also extend into the Songpan-Ganzi Terrane. This low wave 

speed anomaly persists over the largest geographical area in Tibet, as seen in Figure 10, D-D’. The 

anomaly appears to be shifted slightly northward to span the Qiangtang and Songpan-Ganzi 

Terranes at 55 km. Because resolution degrades west of 95°E longitude (e.g., Fig. 4), one must be 

cautious in interpreting the amplitude of anomalies in western Tibet. Beneath the low wave speed 

zone in the mid-crust beneath Tibet, seismic velocities increase quickly with depth from about 3.5 

km/s at 40 km depth to about 4.0 km/s at the Moho over a thickness of about 15-20 km. As Figure 

7 illustrates, however, shear wave speeds in the lower Tibetan crust depend on the 

parameterization. 

The uppermost mantle beneath Tibet (Fig. 9e) is similarly slower than the surrounding regions 

and the lowest wave speed anomalies are also confined predominantly to the central Qiantang and 

Songpan-Ganzi Terranes. This is probably seen most clearly in Figure 10, profile A-A’. The 

mantle low velocity anomalies beneath Tibet, however, appear to be confined mostly to a relatively 

thin veneer of the uppermost mantle. Although evidence is not entirely clear from the model 

presented here, which extends only to 100 km depth, this observation is consistent with earlier 

studies that have observed low velocities in the shallow mantle underlain by higher velocities in 

the somewhat deeper uppermost mantle (e.g., Villasenor et al., 2001; Shapiro and Ritzwoller, 

2002; Acton et al., 2010; and numerous others). 
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6. Discussion 

6.1 Measuring the amplitude of the Tibetan crustal LVZ 

The 3-D Vs model discussed in the previous section exhibits prominent low shear wave speeds 

(Vsv) in the middle crust beneath much of Tibet between depths of 15 and 40 km with minimum 

speeds ranging between 2.9-3.3 km/s. To infer the existence of a crustal low velocity zone (LVZ) 

and measure its amplitude and distribution across the Tibetan crust, it is first necessary to define 

what is meant by a “low velocity zone”.  

Many researchers would define a LVZ as a discrete depth range in which wave speeds are 

lower than at depths both above and below the range revealing a clear depth localized minimum in 

velocity. In this case, the existence of a LVZ would depend not just on the characteristics of the 

layer itself, but also on what lies above it. The profile in Figure 7c would satisfy this specification 

with the minimum of the LVZ at about 30 km depth, but the profile in Figure 7d would not. Yet, 

the shear wave speed at 30 km depth in Figure 7d is also quite low. Thus, if the interest is to 

identify depths where shear wave speeds are low enough possibly to reflect the presence of partial 

melt, then identifying the existence of low velocities is what is needed irrespective of the overlying 

layers. In this case, it would be appropriate to compare Vsv at 30 km depth with a single reference 

wave speed Vref that represents the speed at which partial melt is expected to appear at that depth. 

If, however, one wishes to identify regions in which channel flow may be most likely to occur, 

then it would be more appropriate to determine the minimum crustal velocity and compare it to the 

highest velocity in the layer that overlies it. The choice of definition depends on one’s interest. 

Here, we will refer to both cases, however, as low velocity zones even though in the former case a 

vertically localized minimum of shear velocity may not exist in the middle crust. 

With this in mind, we present two different measurements of the amplitude of a LVZ. The first 

measurement is as follows: 

 LVZ1  = 
V(30 km) –  Vref

Vref

        (1) 

With this definition, wave speeds below the threshold of Vref would appear as negative. This 

definition will identify areas where shear wave speeds at 30 km depth are low and, hence, hold the 

potential for partial melt, assuming that partial melt would set on at a wave speed of about Vref. 

The second measurement of the amplitude of the LVZ is: 



14 
 

  LVZ2  = 
V(30 km) –  Vmax (0-20 km)

Vref

      (2) 

where Vmax(0-20km) is the highest shear wave speed between the surface and 20 km depth. This 

definition specifically identifies regions with a vertically localized minimum shear wave speed 

which may reflect greater potential for channel flow. 

The reference wave speed, Vref, appears in both definitions of the amplitude of a LVZ. The 

isotropic shear wave speed at which partial melt is expected to appear at 30 km depth beneath 

Tibet is difficult to determine with confidence because in situ temperature, composition, and water 

content are poorly known and probably variable across Tibet. Christensen (1996) presents shear 

wave velocities at 1000 MPa (~30 km depth) for a variety of solid, dry metamorphic rocks. 

Average values are about 3.65 km/s at room temperature. For a set of gneisses, Kern et al. (2001) 

finds an average value of about -0.2 m/s/°C for the effect of temperature on the shear wave speed. 

Litvinovsky et al. (2000) argues that dry crustal rocks will not melt until about 900°C. Thus, dry 

crustal metamorphic rocks at 30 km depth would be expected to begin to melt at about 3.45 km/s. 

Wet rocks would begin to melt at lower temperatures (higher shear wave speeds), however. In this 

study, we set Vref = 3.40 km/s. This is a reasonable but poorly constrained value below which the 

existence of partial melt would be plausible at 30 km depth. Figure 8 (red dashed line) also shows 

that it is the average value across Tibet at 40 km depth and in regions with a clear LVZ, like the 

Songpan-Ganzi Terrane location presented in Figure 7c, it is more or less the speed at the bottom 

of the LVZ (near 50 km depth). 

With the first definition of the amplitude of the LVZ presented in equation (1), which measures 

the shear wave speed at 30 km depth relative to the speed below which melt is reasonably expected 

to occur, the model profile from the Songpan-Ganzi Terrane (Fig. 7c) has an amplitude of -6%, 

which is 6% below the speed at which melt may be expected to set on. The amplitude of the LVZ 

for the profile from the northern Lhasa Terrane in (Fig. 7d) is about -2%. Both model profiles 

shown in Figure 7, therefore, have negative values with the first definition of the amplitude of the 

LVZ and are potentially consistent with the presence of partial melt in the middle crust. Partial 

melt at the Songpan-Ganzi location is more likely, however. Figure 11a uses this definition for the 

amplitude of the LVZ. Negative values are observed across most of Tibet, meaning that at 30 km 

depth most of Tibet has Vsv < 3.4 km/s. The largest negative values are found primarily in far 

northern Tibet. 
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With the second definition of the amplitude of the LVZ given by equation (2), which 

accentuates regions with a mid-crustal shear velocity minimum, the amplitude at the Songpan-

Ganzi Terrane location grows to about -10%. At the northern Lhasa Terrane location, however, the 

amplitude becomes positive, equal to about +3%. Thus, with this definition, a high amplitude LVZ 

is identified beneath the Songpan-Ganzi Terrane, but no LVZ exists beneath the northern Lhasa 

Terrane. Figure 11b uses this definition for the amplitude of the LVZ and much of central Tibet 

does not have a LVZ. Rather, the LVZ is focused in a ring around the periphery of Tibet, with the 

largest amplitudes in northern Tibet.  

 

6.2 The distribution and connectivity of LVZs in the Tibetan middle crust  

Although the two definitions of the amplitude of the LVZ beneath Tibet at 30 km depth 

provide somewhat different information about the details of the geometry of the LVZ, the general 

picture that emerges is coherent (Fig. 11a,b) and has five principal characteristics. (1) Low 

velocities in the mid-crust exist across most of the high Tibetan Plateau. (2) The distribution of the 

amplitude of the LVZ is not uniform. In fact, the largest amplitudes (i.e., lowest mid-crustal shear 

wave speeds) are found predominantly around the periphery of Tibet. The largest amplitudes for 

the LVZ are in the western Qiangtang Terrane and the northern Songpan-Ganzi Terrane directly 

south of the Tarmin and Qaidam basins. Large amplitudes are also observed in the southern Lhasa 

Terrane along the entire Himalayan front and in the eastern Songpan-Ganzi Terrane, where it turns 

the corner and is sandwiched between the Sichuan Basin and the Qiangtang Terrane. This region is 

sometimes further divided into the Bayan Har and Chuandian blocks, although these sub-regions 

are not specifically identified in Figure 1. (3) A LVZ characterized by a vertically localized 

minimum wave speed is found predominantly in the peripheral regions of Tibet. Strong anomalies 

(oranges and reds on Fig. 11b) are coincident with locations where the Rayleigh wave dispersion 

curves have negative slopes below 15 sec period as seen in Figure 6. Although low mid-crustal 

wave speeds can be found throughout much of Tibet, a low velocity minimum near 30 km depth is 

a feature found predominantly near the boundaries of Tibet. (4) Mid-crustal LVZs are large-scale 

features characterized by spatial continuity and connectivity, although there are variations in their 

amplitudes. (5) Mid-crustal LVZs cut across surface tectonic features within Tibet and, in 

particular, do not honor the surface expressions of faults. 
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6.3 Do LVZs in the Tibetan middle crust imply the presence of partial melt or aqueous 

fluids? 

A wide variety of geophysical evidence points to the existence of mechanically weak zones in 

the Tibetan crust. Klemperer (2006) presents an admirable review. Caldwell et al. (2009) argue 

compellingly that the low shear wave speeds (2.9 – 3.3 km/s) they observe beneath the northwest 

Himalaya at 30 km depth, which are similar to the speeds we observe across interconnected 

regions of Tibet on a much larger scale, are inconsistent with solid, dry crustal rocks of reasonable 

composition. Rather, they argue that dry rocks would not begin to melt until temperatures of 

greater than 900°C, which are unlikely at this depth across large regions of Tibet. Thus, they 

believe that such low shear velocities must result from partial melting that was enhanced or 

initiated by the existence of aqueous fluids. The existence of mid-crustal fluids has also been 

proposed to explain low-resistivity magnetotelluric anomalies across southern and eastern Tibet 

(e.g., Unsworth et al., 2005; Bai et al., 2010), reflection bright spots (e.g., Makovsky and 

Klemperer, 1999), as well as other geological and geophysical data (e.g, Kind et al., 1996; Nelson 

et al., 1996; Rapine et al., 2003).  Because rock strength depends on hydration state and the 

presence of partial melt (e.g., Kirby, 1984; Rosenberg and Handy, 2005), in addition to 

composition and temperature (e.g., Afonso and Ranalli, 2004), mid-crustal partial melt may reflect 

a strength minimum that would permit channel flow and the potential for partial or complete 

decoupling of flow from shallower to deeper levels (e.g., Bird, 1991; Royden et al., 1997; 

Beaumont et al., 2004). It is, therefore, important to ask: Are the mid-crustal low velocity zones 

that we observe beneath Tibet caused by partial melt? If so, most researchers would probably agree 

that the observation would add substantial weight to the argument for channel flow across large 

regions of Tibet, even though a strength minimum would not necessitate vertical decoupling (e.g., 

Klemperer, 2006). 

In addressing this question, the effect of mineral alignment must be considered because it could 

significantly reduce the need for partial melt. Our study is based on Rayleigh waves, which are 

sensitive to vertically polarized shear wave speeds (Vsv) that may be slower than horizontally 

polarized shear speeds (Vsh). The velocity difference between Vsv and Vsh is referred to as radial 

anisotropy, which can be produced by horizontal shearing that preferentially aligns anisotropic 

minerals in the horizontal plane. Micas and amphibolites aligned through deformation are likely 

candidate anisotropic minerals in the middle crust beneath Tibet (e.g., Mahan, 2006; Tatham et al., 
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2008). In a large-scale tomographic study, Shapiro et al. (2004) mapped strong mid-crustal radial 

anisotropy in areas of Tibet where the moment tensors of earthquakes indicate active crustal 

thinning. They found that about 10% lower Vsv than Vsh is required beneath the high plateau to fit 

both Rayleigh and Love wave dispersion curves if the anisotropic layer is confined exclusively to 

the middle crust. Duret et al. (2010), through direct (non-tomographic) measurement of Rayleigh 

and Love wave group speed curves for wavepaths that transit central Tibet from aftershocks of the 

2008 Sichuan earthquake to western Tibet, measured radial anisotropy with 10%-20% lower Vsv 

than Vsh in the middle crust.  Their wavepaths, however, did not pass through regions with the 

strongest LVZs in our study or strongest radial anisotropy in the study of Shapiro et al. (2004), 

implying that radial anisotropy estimated by Shapiro et al. (2004) may have been underestimated. 

A better estimate of the amplitude of radial anisotropy from Shapiro et al. (2004) may be between 

10% and 20%. 

In order to compare the regions of strong radial anisotropy determined by Shapiro et al. (2004) 

with mid-crustal slow Vsv features, we outline the areas with strong radial anisotropy and 

superimpose them on the estimates of the amplitude of the LVZs using bold white contours in 

Figure 11. The distribution of strong radial anisotropy is largely coincident with strong LVZs in 

western and central Tibet. Agreement is weaker in eastern Tibet, but this is probably due to the 

reduction of resolution in this region in the study of Shapiro et al. Radial anisotropy with 10%-20% 

lower Vsv relative to Vsh implies 5%-10% lower Vsv relative to the effective isotropic shear 

velocity. A reduction in Vsv by about 5% at 30 km depth would absorb about half of the amplitude 

of the LVZs shown in Figure 11. A 10% reduction in Vsv would absorb most of the amplitude of 

the LVZs except in isolated patches. 

The uncertainty of the amplitude of radial anisotropy makes a quantitative determination of the 

necessity for partial melt to explain the observed LVZs difficult. From the geographical coherence 

between the locations of the LVZs and strong radial anisotropy two conclusions are clear, 

however. The inferred horizontal alignment of anisotropic minerals in the middle crust (1) 

diminishes the need for partial melt and (2) makes any partial melt that does exist less inter-

connected and distributed in more isolated patches – but still preferentially near the periphery of 

Tibet. To go beyond these qualitative conclusions, a study of Love wave dispersion similar to the 

present study is needed to deliver similar resolution about Vsh in the middle crust. 
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Does this mean that no fluids exist now or in the past in the Tibetan middle crust? Radial 

anisotropy and mid-crustal fluids may, in fact, be intimately related as anisotropic minerals may 

require ambient aqueous fluids in order to form. Large bulk fractions of anisotropic minerals may 

form by retrograde metamorphism (e.g., Mahan 2006) in which hydrous phases such as micas and 

amphiboles are formed when minerals in cooling rocks re-hydrate via interactions with external 

fluids. Thus, in a twist that further complicates interpretation, radial anisotropy actually may be a 

marker for the existence of current or past fluids in the middle crust. 

 

6.4 Implications for crustal deformation and crust-mantle coupling? 

A zone of partial melt restricted vertically to reside in the middle crust would have a significant 

impact on mid-crustal rheology. As discussed in the previous section, however, mineralogical 

alignment reflected in mid-crustal radial anisotropy substantially (perhaps entirely) reduces the 

need for partial melt in the middle crust to explain the extensive, interconnected low velocity 

features that we observe here. As Klemperer (2006) notes, there are significant differences in the 

information provided by observations of partial melt and mineralogical alignment. Whereas partial 

melt reflects current crustal weakness without demonstrating deformation, mineralogical alignment 

probably results from deformation but which may not be on-going. Shapiro et al. (2004) argue that 

their observations of radial anisotropy reflect the integrated effects of past deformation of the 

middle crust beneath Tibet. We address two questions here qualitatively. (1) Are the higher 

resolution observations of mid-crustal Vsv low velocity zones that we present here and argue to 

result predominantly from mineralogical alignment reflective of deformation restricted to the 

middle crust? (2) Do the observations provide further evidence for the channel flow model of 

crustal deformation beneath Tibet and the de-coupling between the upper crustal and mantle 

deformation? We answer both questions in the negative. 

Strong crustal anisotropy requires two conditions to exist: the existence of anisotropic minerals 

and shear strains sufficient to align them. The observation of strong radial anisotropy beneath Tibet 

by Shapiro et al. (2004) and Duret et al. (2010) demonstrates that both conditions are met in the 

Tibetan middle crust. The absence of radial anisotropy does not necessarily imply, however, that 

strains in the lower crust are different than those in the middle crust. Rather, anisotropic crustal 

minerals such as micas or amphiboles are notoriously sensitive to temperature, pressure, and fluid 

content. In particular, the thermodynamic stability of micas (Rene et al., 2008) and amphibolites 



19 
 

(e.g., Spear, 1981) suggests that these anisotropic crustal minerals are probably rare or absent in 

the Tibetan lower crust. Thus, the absence of lower-crustal radial anisotropy in the presence of 

mid-crustal anisotropy does not uniquely imply that strain or rheological conditions differ between 

the middle to lower crust. The inference of the vertical continuity or discontinuity of strain will 

depend (perhaps among other phenomena) on observations of azimuthal anisotropy in the crust and 

uppermost mantle at the resolutions presented here. These observations do not yet exist across all 

of Tibet. Sol et al. (2007) compare mantle azimuthal anisotropy with surface geological 

observations across southeastern Tibet from which they conclude the continuity of deformation 

between the crust and uppermost mantle. Ambient noise and earthquake tomography hold the 

promise to provide a unified model of azimuthal anisotropy in the crust and uppermost mantle that 

will solidify these inferences and extend them across all of Tibet. 

Finally, there is a robust observation presented here that motivates a question whose answer 

may yield significant information about the mode of deformation of the Tibetan crust. Why are the 

observed LVZs found predominantly near the periphery of Tibet? The answer to this question is 

beyond the scope of this paper, but it presents a geodynamical challenge that deserves further 

inquiry. 

6.5 Evidence for an eclogitic layer in the lower crust? 

Based on the analysis of crustal xenoliths entrained in volcanic rocks from southern Tibet and 

the Qiangtang terrane (e.g., Hacker et al., 2000; Chan et al. 2009), Searle et al. (2011) proposed 

that the principal mineralogical composition of the Tibetan lower crust is granulite and eclogite 

with some ultramafic restites. In addition, the P-T conditions of Miocene granulites from the 

xenoliths indicate a thick (60-80 km), hot (>900-1000 oC) and dry lower crust. They also argue that 

the presence of eclogite-facies rocks and ultramafic restitic xenoliths supports an eclogitized lower 

crustal model.  Based on laboratory measurements of monomineralic rocks, Christensen (1996) 

shows that the shear wave speed of eclogite at 1000 MPa (~30 km depth) is ~4.6 km/s at room 

temperature.  Jiménez-Munt et al. (2008) estimates the temperature in the lower crust at depths 

greater than 40 km in Tibet typically ranges from 600 to 1000oC with the highest Moho 

temperature reaching up to ~1150 oC in the Qiangtang terrane according to thermodynamic 

modeling.  If we assume the relationship of about -0.2 m/s/°C for the effect of temperature on the 

shear wave speed (Kern et al., 2001) holds for eclogite, the shear wave speed of eclogite in the 
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lower crust would be higher than ~4.4 km/s, which is close to typical uppermost mantle shear wave 

speeds (Fig. 7c,d).  

Our observed shear wave speeds in the lowermost crust are ~4.0 km/s on average across Tibet, 

with the highest shear velocities reaching ~4.25 km/s, which are still much lower than the shear 

wave speed of eclogite in the lower crust. This indicates that the lower crust may be only partially 

eclogitized or that eclogitization does occur.  Similarly, Schulte-Pelkum et al. (2005) estimate 

~30% of the lower crust undergoes eclogitization in southern Tibet based on analyzing high P-

wave speeds in the lower crust of southern Tibet observed from studies of receiver functions. Their 

model shows that the high speed lower crust is principally limited to southern Tibet with the 

northern boundary around 31oN (Nábĕlek, 2009), which has been interpreted as the partially 

eclogitized lower crust of India underthrusting southern Tibet. Our model presents consistently 

high lower crustal Vsv wave speeds beneath most of Tibet (e.g., Figs. 7, 10) that do not exhibit a 

notable difference between southern and northern Tibet.  However, the shear wave speeds of the 

lower crust beneath western and central Tibet appear higher than those beneath eastern Tibet.  

It must be acknowledged that our estimates lower crustal wave speeds depend are 

parameterization dependent, as Figure 7 illustrates. Thus, we are not able to constrain the fraction 

of eclogitization in the lower crust precisely.  Irrespective of parameterization, however, strong 

gradients in shear wave speeds at depths greater than 40 km probably reflect vertical compositional 

gradients in the lower Tibetan crust, consistent with a partially eclogitized lower crustal model.  

The introduction of receiver functions in the inversion with surface wave dispersion will help to 

improve the reliability of the model in the lowermost crust, which will be undertaken in a future 

study. 

7. Conclusions 

Based on 1-2 years of continuous observations of seismic ambient noise at more than 600 

stations in and around Tibet, we present Rayleigh wave phase velocity maps from 10 sec to 60 sec 

period and a 3-D Vsv model of the crust and uppermost mantle derived from these maps.  The 3-D 

model exhibits significant apparently inter-connected low shear velocity features across most of 

the Tibetan middle crust at depths between 20 and 40 km. These low velocity zones (LVZs) do not 

conform to surface faults and are most prominent near the periphery of Tibet.  
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It is tempting to attribute the LVZs to the existence of mid-crustal partial melting perhaps 

initiated by the presence of aqueous fluids (e.g., Caldwell et al., 2009). However, previous 

estimates by Shapiro et al. (2004) of the location of strong radial anisotropy in the Tibetan middle 

crust caused by anisotropic minerals aligned by deformation are nearly coincident with the LVZs 

in central and western Tibet.  (Agreement is weaker in eastern Tibet where resolution degrades in 

the study of Shapiro et al.) As Duret et al. (2010) discuss, the amplitude of radial anisotropy is not 

well determined in the global-scale tomographic study of Shapiro et al. (2004). Thus, it is difficult 

to determine if the Vsv low velocity features that we observe are entirely or only partially the 

consequence of anisotropic mineral alignment in the middle crust. Whether the observed LVZs are 

caused by partial melt, the alignment of anisotropic minerals, or a combination of the two, they 

almost certainly identify areas of substantial past deformation that may still be on-going. 

Therefore, a significant question arises from these observations: Why are the LVZs strongest near 

the periphery of Tibet? We do not propose to answer this question here but believe its answer will 

provide substantial information about the mode of deformation of the Tibetan crust. 

The fact that the LVZs do not honor surface faults is at variance with the “rigid block” model 

of deformation and provides direct support for the “internal deformation” model. Observations of 

LVZs confined to the middle crust may appear to support internal deformation via ductile “channel 

flow”. However, if the LVZs are caused primarily by mineral alignment, then the lack of radial 

anisotropy in the lower crust may simply reflect the paucity of lower crustal anisotropic minerals. 

Until other specific seismic observations are made, “vertically coherent deformation” is consistent 

with the seismological evidence presented here.  

There are two specific seismic observations that are needed to extend and clarify inferences 

from the results presented here. First, higher resolution Love wave phase velocity measurements 

obtained from ambient noise across all of Tibet are needed to infer Vsh in the middle crust. These 

observations will help to determine whether the observed LVZs result entirely or only partially 

from mineral alignment. Second, azimuthal anisotropy observed both for the crust from ambient 

noise and uppermost mantle from earthquake records will constrain the vertical continuity of strain 

that will help to adjudicate between channel flow and vertically coherent deformation lacking in 

present observations. 
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Figure captions: 

Figure 1. (a) Tectonic and geological regionalization of the Tibetan Plateau. The colored stars 

denote the locations referred to in Figs. 5 and 7.  (b) Locations of seismic stations used in this 

study and the two paths referred to in Fig. 3. 

 

Figure 2. (a) Shear wave speed versus depth for a model with (red dashed line) and without (solid 

blue line) a low velocity zone. (b) Dispersion curves computed from the two profiles in (a), color-

coded similarly. 

 

Figure 3.   (a) Examples of inter-station cross-correlations of ambient noise along the two paths 

identified in Fig. 1b. (b) Rayleigh wave phase velocity dispersion curves computed from the cross-

correlations shown in (a). The stations (A04, D10, C10, D23) are from the ASCENT/INDEPTH IV 

array. A clear phase velocity minimum is observed on the A04-D10 cross-correlation, which 

unambiguously indicates a velocity minimum in the crust. The C10-D23 cross-correlation does not 

show a phase velocity minimum, but exhibits similarly slow phase velocities as the other path. 

 

Figure 4. (a) & (b) Rayleigh wave phase speed maps determined from ambient noise at 10 sec and 

40 sec period, presented as the percent perturbation from the average across each map (10 sec: 3.05 

km/s, 40 sec: 3.53 km/s).  (c) & (d) Path coverage of the measured inter-station phase speeds for 

the overlying maps. (e) & (f) Resolution of the maps above, presented as twice the standard 

deviation of the 2-D Gaussian fit to the resolution surface at each point (Barmin et al., 2001). 

 

Figure 5. Local Rayleigh wave phase speed curves constructed from the dispersion maps at the 

four points identified by letters in Fig. 1a. The points in Tibet show very slow phase speeds below 

20 sec period compared with the points in the Sichuan Basin and Ordos Block. Location (a) is in 

the Songpan-Ganzi Terrane and displays a phase velocity minimum. Location (b), in the northern 

Lhasa Terrane, has the lowest wave speeds below 20 sec period without displaying a phase 

velocity minimum, demonstrating how sediments can obscure a low velocity zone. 
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Figure 6. Map of the slope of the local Rayleigh wave dispersion curve at 11 sec period. Orange 

and red colors indicate a negative slope and, therefore, a phase velocity minimum, which is 

unambiguous evidence of a depth localized velocity minimum in the Tibetan crust.  

 

Figure 7.  Examples of the Vsv inversion from phase velocity dispersion curves at locations (a) 

and (b) marked in Fig. 1 as red and orange stars, respectively. (a) The Rayleigh wave phase 

velocity curve at location (a) presented with error bars. (b) Same as (a), but for position (b). (c) The 

linearized inversion of the observed curve presented in (a) is shown with a red line. The grey 

corridor identifies one standard deviation around the mean produced from a Monte-Carlo inversion 

with smoother basis functions in the crust and the uppermost mantle than used in the linearized 

inversion. The blue lines mark two standard deviations around the mean. (d) The same as (c), but 

for the dispersion curve presented in (b). The dispersion curves predicted from all of the models in 

the grey corridor are presented in (a) and (b) as grey lines. The depths in (c) and (d) are relative to 

the surface locally.  

 

Figure 8. Several 1-D reference models: (solid blue line) average model across the entire study 

region, (solid red line) average model across Tibet, and (dashed red line) average model across 

Tibet below 40 km depth but set equal to 3.4 km/s above 40 km. All depths are relative to sea 

level. 

 

Figure 9.  (a)-(e) Vsv maps at depths of 5, 15, 30, 55 and 80 km plotted as perturbations relative to 

the average across the entire region (blue line in Fig. 8) at each depth. All depths are relative to sea 

level. Lines in (c) delineate the locations of the vertical cross-sections shown in Fig. 10.  (f) Map of 

estimated crustal thickness.  

 

Figure 10. Vertical cross-sections of Vsv along the six profiles identified in Fig. 9c. Surface 

topography is shown at the top of each panel. In contrast with Fig. 9, shear wave speeds are 

presented in absolute units, but with different color scales in the crust and mantle. Very low shear 

wave speeds in the crust (<3.2 km/s) are encircled with black contours. All depths are relative to 

sea level. 
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Figure 11. (a) Map of the amplitude of the crustal low velocity zone across the region based on the 

definition given by equation (1). Yellows, oranges, and reds denote velocities at 30 km depth 

(relative to sea level) less than 3.4 km/s (dashed red reference curve in Fig. 8). (b) Same as (a), but 

with the definition of the amplitude of the crustal low velocity zone given by equation (2), which 

specifically measures a depth localized velocity minimum. (c) Regions of high amplitude mid-

crustal radial anisotropy (denoted by red) from Shapiro et al. (2004). White contours in (a) and (b) 

identify strong radial anisotropy found in the study of Shapiro et al. (2004).  
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