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Constraining the anisotropy structure of the crust by joint inversion of seismic reflection travel times and wave polarizations

non-uniqueness of the solution. In this paper, we present a simultaneous inversion method of seismic reflection travel times and polarizations data of transient elastic waves in stratified media to reconstruct not only layer depth and vertical P-wave velocity but also the anisotropy feature of the crust based on the estimation of the Thomsen's parameters. We carry out a checking with synthetic data, comparing the inversion results obtained by anisotropic travel-time inversion to the results derived by joint inversion of seismic reflection travel times and polarizations data. The comparison proves that the first procedure leads to biased anisotropic models, while the second one fits nearly the real model. This makes the joint inversion method feasible. Finally, we investigate the geometry, P-wave velocity structure and anisotropy of the crust beneath Southeastern China by applying the proposed inversion method to previously acquired wide-angle seismic data. In this case, the anisotropy signature provides clear evidence that the Jiangshan-Shaoxing fault is the natural boundary between the Yangtze and Cathaysia blocks.

Introduction

Several papers discuss the inversion for crustal velocity structure using seismic reflection travel times [START_REF] Lutter | Inversion for crustal structure using reflections from the PASSCAL Ouachita experiment[END_REF][START_REF] Zelt | Seismic traveltime inversion for 2-D crustal velocity structure[END_REF][START_REF] Pullammanappallil | Inversion of seismic reflection traveltimes using a nonlinear optimization scheme[END_REF][START_REF] Rommel | Approximate polarization of plane waves in a medium having weak transverse isotropy[END_REF][START_REF] Pullammanappallil | A combined firstarrival travel time and reflection coherency optimization approach to velocity estimation[END_REF][START_REF] Bai | Tomography research of the Zhefang-Binchuan and Menglian-Malong wide-angle seismic profiles in Yunnan province[END_REF] and also the formal inversion for laterally heterogeneous velocity structure from P-wave polarization data [START_REF] Hu | Formal inversion of laterally heterogeneous velocity structure from P-wave polarization data[END_REF]. These papers have two features in common, namely, the assumption of an isotropic seismic velocity model, neglecting any effect coming from seismic anisotropy, and a fixed seismic reflector geometry defining the structure of the layered elastic physical medium. However, seismic anisotropy induced by thin layering [START_REF] Helbig | Elliptical anisotropy: its significance and meaning[END_REF][START_REF] Helbig | Transverse isotropy in exploration seismology[END_REF][START_REF] Thomsen | Weak elastic anisotropy[END_REF]) or a cracked solid [START_REF] Hudson | Overall properties of a cracked solid[END_REF]) is widespread in the earth's crust. [START_REF] Bishop | Tomographic determination of velocity and depth in laterally varying media[END_REF] and [START_REF] Samuel | Velocity-depth ambiguity of reflection traveltimes[END_REF] pointed out the velocity-depth ambiguity of reflection travel times that brings about important influence facing the inversion of physical attributes. Even though some authors assume seismic anisotropy [START_REF] Zhang | Inversion for elliptically anisotropic velocity using VSP reflection traveltimes[END_REF], they miss out the influence of the depth of the reflecting discontinuity. Thus, neglecting key aspects such as the anisotropic nature of the earth's crust and the depths at which the reflectors lie may lead to distorted images of the subsurface structure even to misinterpretation.

Abundant previous work on seismic anisotropy has been made up to date, from the pioneer studies [START_REF] Postma | Wave propagation in a stratified medium[END_REF][START_REF] Backus | Long-wave elastic anisotropy produced by horizontal layering[END_REF][START_REF] Berryman | Long-wave elastic anisotropy in transversely isotropic media[END_REF][START_REF] Levin | Seismic velocities in transversely isotropic media[END_REF][START_REF] Helbig | Elliptical anisotropy: its significance and meaning[END_REF][START_REF] Helbig | Transverse isotropy in exploration seismology[END_REF][START_REF] Crampin | Anisotropy and transverse isotropy[END_REF][START_REF] Vidale | Complex polarization analysis of particle motion[END_REF][START_REF] Park | Frequency dependent polarization analysis of high-frequency seismograms[END_REF][START_REF] Jurkevics | Polarization analysis of threecomponent array data[END_REF][START_REF] Rommel | Approximate polarization of plane waves in a medium having weak transverse isotropy[END_REF][START_REF] Eduardo | Traveltime compution in transverly istropic media[END_REF][START_REF] Alkhalifah | Velocity analysis for transversely isotropic media[END_REF][START_REF] Tsvankin | P-wave signatures and notation for transversely isotropic media, an overview[END_REF] to more recent papers [START_REF] Grechka | Velocity analysis for tilted transversely isotropic media: a physical modelling example[END_REF][START_REF] Yang | Finite-difference modelling in two-dimensional anisotropic media using a flux-corrected transport technique[END_REF]Qin et al. 2003a, b). Starting from the fact that the common (weak) anisotropy that is present in the nature is however for transversely isotropic media with a vertical symmetry axis (VTI media), [START_REF] Thomsen | Weak elastic anisotropy[END_REF] quantified this sort of anisotropy through three basic parameters, namely, ε, δ, and γ , which are more intuitive and easier to measure and to be implemented than earlier measures of anisotropy; the parameters ε and δ define the Pwave anisotropy while the parameter γ controls the S-wave anisotropy. These parameters control most of the anisotropic phenomena of impor-tance in exploration seismology, some of which are non-negligible even though the anisotropy is weak. The critical parameter δ is an awkward combination of elastic parameters, a combination that is totally independent on horizontal velocity and that may be either positive or negative in a natural context [START_REF] Thomsen | Weak elastic anisotropy[END_REF]). Some papers discuss in detail the characteristics of VTI media by means of different inversion methods [START_REF] Byun | Seismic traveltime inversion for transverse isotropy[END_REF][START_REF] Tsvankin | Inversion of reflection traveltimes for transverse isotropy[END_REF][START_REF] Horne | Polarization and slowness component inversion for VTI anisotropy[END_REF][START_REF] Zhang | Inversion for elliptically anisotropic velocity using VSP reflection traveltimes[END_REF], although using merely travel times or polarizations data of the propagating seismic waves. As given the non-uniqueness of the inversion result, it is therefore very important to introduce available information for restricting the solution. In this sense, the joint inversion of seismic reflection travel times and wave polarizations is an alternative way opposite to simple inverse modeling from a single dataset.

This paper explores how the wave polarization data can be used to supplement travel-time data in a seismic inversion for anisotropic earth structure. This topic is important because of the well-known inadequacy of travel-time data alone to distinguish anisotropy from heterogeneity. We propose a joint inversion approach based on least squares to obtain anisotropic stiffness coefficients, layer thicknesses, and vertical P-wave velocity in the earth's crust. The implemented method proves that the joint inversion results fit nearly the real model. After processing real data obtained from conventional wide-angle seismic profiling, we provide results concerning vertical P-wave velocity, reflector depths and anisotropy parameters for several crustal structures beneath Southeastern China.

Forward modeling

Let be a model consisting of N horizontal anisotropic layers of thickness h k (k = 1,. . . , N), and a set of M receivers R i (i = 1,. . . , M) installed at surface for detecting seismic reflections from the reflectors at different depths (Fig. 1). Let us suppose that the seismic reflection from the kth interface is recorded by the ith receiver. The reflection travel-time T k i and the polarization angle γ k i obtained by ray tracing are given by the equations

T k i = k-1 j=1 2h j V pij cos φ ij + 2h k V pik cos φ ik (1)
γ k i = sin θ ik cos θ ik (C 13k + C 55k ) ρ k v 2 pik -C 11k sin 2 θ ik -C 55k cos 2 θ ik (2)
and the offset equation is expressed as

x i = k-1 j=1 2h j tan φ ij + 2h k tan φ ik (3)
where V pik , v pik , φ ik , and θ ik are the P-wave group velocity, phase velocity, the group angle, and the phase angle associated to the ray arriving at the ith receiver from the kth layer, respectively; h k and ρ k are the thickness and density of the kth layer, and C 11k , C 13k , and C 55k are the anisotropic stiffness coefficients for this layer.

The velocities V pik and v pik and the angle φ ik are written as [START_REF] Thomsen | Weak elastic anisotropy[END_REF])

V 2 pik (φ ik (θ ik )) = V 2 pik (θ ik ) + dv pik dθ ik 2 (4) v pik (θ ik ) = v p0k 1+δ k sin 2 θ ik +(ε k -δ k )sin 4 θ ik (5) tan(φ ik (θ ik ))= tan θ ik + 1 v pik dv pik dθ ik 1- tan θ ik v pik dv pik dθ ik (6)
where v p0k is the vertical P-wave velocity in the kth layer.

The vertical P-wave velocity v p0k and the Thomsen's parameters ε k and δ k are expressed as [START_REF] Thomsen | Weak elastic anisotropy[END_REF])

v p0k = C 33k ρ k (7) ε k = C 11k -C 33k 2C 33k (8) 
δ k = C 13k + C 55k 2 -C 33k -C 55k 2 2C 33k C 33k -C 55k (9) 
The phase angle θ ik is necessary to calculate the reflection travel-time T k i and the polarization angle γ k i . Snell's law, which states that the horizontal slowness of the transient wave is preserved on reflection for media with smoothly varying depthdependence of velocity, establishes that

p = sin θ i1 v pi1 = sin θ i2 v pi2 = • • • = sin θ ik v pik = • • • (10)
which is the condition that the reflecting and transmitting seismic waves must satisfy; here, p is called the ray parameter and θ ik denotes the phase angle for the incident, reflecting or transmitting wave from the kth reflector. We perform the following ray-tracing approach: the ray parameter p in Eq. 10 can be determined considering a very small sample phase angle θ i1 and the phase velocity v pi1 for the first layer; any phase angle θ ik associated to the ray theoretically arriving at the ith receiver from the kth layer can be obtained from the phase velocities v pik that define the starting model. Ray-path group angles and velocities can be computed by Eqs. 4, 5, and 6 and the offset d 1 = x i , d 1x i ≤ 0, by Eq. 3. Allowing for a quite larger sample value θ * i1 θ i1 and repeating the precedent operations, we obtain a new offset d 2 = x i , so that d 2x i ≥ 0. In a second step, we take a new phase angle θ * * i1 with the restriction θ i1 < θ * * i1 < θ * i1 and do the same operations again and so on by successive approximations up to obtain very close offsets or a difference dx i ≤ error expectancy (for example, 10 -6 km). Finally, the reflection travel-time T k i and the polarization angle γ k i can be calculated using Eqs. 1 and 2.

Inverse modeling

We first carry out inversion for the anisotropic stiffness coefficients of the kth layer and after we compute seismic velocity and Thomsen's parameters by Eqs. 7, 8, and 9. It is assumed that the anisotropic stiffness parameters above this layer and an initial model for the kth layer are known. Considering the ith receiver and the kth interface the reflection travel time and polarization-misfit functions can be written as

T k i =T k i -T k i0 = ∂ T k i ∂C 11k C 11k + ∂ T k i ∂C 13k C 13k + ∂ T k i ∂C 33k C 33k + ∂ T k i ∂h k h k +O C 11k , C 13k , 33k , h k γ k i =γ k i -γ k i0 = ∂γ k i ∂C 11k C 11k + ∂γ k i ∂C 13k C 13k + ∂γ k i ∂C 33k C 33k + ∂γ k i ∂h k h k + O C 11k , C 13k , 33k , h k (11)
where T k i0 and γ k i0 are the computed reflection travel time and polarization, respectively; the symbol ∂ means partial differentiation, and O ( C 11k , C 13k , 33k , h k ) expresses higher order terms than the first-order derivatives. In these last equations, the symbol before the variables refers to small perturbations in those variables, which determine fluctuations in T k i and γ k i in accordance with an approximate linear relationship. The left members of the above equations give the differences between ray travel times and polarization angles and their respective theoretical values obtained from the initial model. The small changes in the variables accompanying the firstorder terms in the above Taylor expansions are just the unknowns to be determined.

For the M receivers that record reflections from the kth interface, Eq. 11 can be written time and again, thus obtaining the following linear equation system given in matrix form:

⎛ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ T k 1 • • • • • • T k M γ k 1 • • • • • • γ k M ⎞ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ = ⎛ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ ∂ T k 1 ∂C 11k ∂ T k 1 ∂C 13k ∂ T k 1 ∂C 33k ∂ T k 1 ∂h k • • • • • • ∂ T k M ∂C 11k ∂ T k M ∂C 13k ∂ T k M ∂C 33k ∂ T k M ∂h k ∂γ k 1 ∂C 11k ∂γ k 1 ∂C 13k ∂γ k 1 ∂C 33k ∂γ k 1 ∂h k • • • • • • ∂γ k M ∂C 11k ∂γ k M ∂C 13k ∂γ k M ∂C 33k ∂γ k M ∂h k ⎞ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ • ⎛ ⎜ ⎜ ⎝ C 11k C 13k C 33k h k ⎞ ⎟ ⎟ ⎠ (12)
This system in partial derivatives can be rewritten as

F = A C 11k + B C 13k + C C 33k + D h k (13)
where both the data space vector (left member, 2M components) and the rest of matrices are

F = T k 1 • • • • • • T k M γ k 1 • • • • • • γ k M T A = ∂ T k 1 ∂C 11k • • • • • • ∂ T k M ∂C 11k ∂γ k 1 ∂C 11k • • • • • • ∂γ k M ∂C 11k T B = ∂ T k 1 ∂C 13k • • • • • • ∂ T k M ∂C 13k ∂γ k 1 ∂C 13k • • • • • • ∂γ k M ∂C 13k T C = ∂ T k 1 ∂C 33k • • • • • • ∂ T k M ∂C 33k ∂γ k 1 ∂C 33k • • • • • • ∂γ k M ∂C 33k T D = ∂ T k 1 ∂h k • • • • • • ∂ T k M ∂h k ∂γ k 1 ∂h k • • • • • • ∂γ k M ∂h k T ( 14 
)
Multiplying Eq. 13 successively by the matrices A T , B T , C T and D T we have

A T F = A T A C 11k + A T B C 13k +A T C C 33k + A T D h k B T F = B T A C 11k + B T B C 13k +B T C C 33k + B T D h k C T F = C T A C 11k + C T B C 13k +C T C C 33k + C T D h k D T F = D T A C 11k + D T B C 13k +D T C C 33k + D T D h k (15)
where the term A T F and the coefficient A T A are both real numbers and the same for other similar terms and coefficients. The system (Eq. 15) can be expressed in compact form as

Gx = d (16) being x = ( C 11k C 13k C 33k h k ) T d = A T F B T F C T F D T F T G = ⎛ ⎜ ⎜ ⎝ A T A A T B A T C A T D B T A B T B B T C B T D C T A C T B C T C C T D D T A D T B D T C D T D ⎞ ⎟ ⎟ ⎠ (17)
The resulting 4 × 4 algebraic equation system (Eq. 16) can be solved without excessive difficulty. The classic least-squares solution is given by

x = (G T G) -1 G T d, which is adequate if (G T G) -1
exists. However, we take the best solution to the linear inverse problem subject to the constraint that the size of x is kept small, so that the damped least-squares solution vector x in the model space is found minimizing the sum of the squares of data 

Outputs h k n+1 , C 11k n+1 , C 13k n+1 , C 33k n+1 | h k | + ... + | C 33k | > error expectancy Y N n = n + 1 n = 1 n n n Δ Δ γ

Inverse modeling

Forward modeling 

|d -Gx| 2 + | x| 2 = Gx -d T Gx -d + 2 x T x = MIN (18)
where represents a trade-off parameter called damping factor.

The model space vector so obtained allows updating the anisotropic model

C n+1 11k = C n 11k + C 11k , C n+1 13k = C n 13k + C 13k C n+1 33k = C n 33k + C 33k , h n+1 k = h n k + h k (19)
where n denotes the iteration number. The inversion is repeated iteratively up to the sum

| C 11k | + | C 13k | + | C 33k | + | h k | of
the absolute values obtained by the last iteration, is less than the error expectancy and there is no further convergence. The set of stiffness coefficients is then taken as the final solution. A flowchart describing the steps involved in forward and inverse modeling, which makes possible a better understanding of the computation algorithm, can be seen in Fig. 2. Finally, we obtain the vertical P-wave velocity and the Thomsen's parameters of the VTI medium using Eqs. 7, 8, and 9.

Checking with synthetic data

In order to show how the polarizations data can be used in addition to travel-times data for anisotropic inversion, let be a 20 For checking the proposed inversion method, we first perform anisotropic travel-time inver-sion and then anisotropic joint inversion of seismic reflection travel times and polarizations data.

×
From the adopted values of layer thickness and anisotropic coefficients of the initial model, we δ calculate reflection travel times and polarization angles with the analytical expressions formulated for forward modeling, whose values are in his turn taken as input data to start any of the two inversion processes mentioned above. The results achieved after using both inversion approaches are plotted in Fig. 4. Figure 4a-c shows the re-sults obtained when only anisotropic travel-time inversion is made: in particular, the coefficient C 13 concerning the second layer of the model differ remarkably from its value in the real model. In change, Fig. 4d shows the solution obtained to this respect by joint inversion: We now see an unbiased result for the coefficient C 13 that fits The original dataset comes from three-component records obtained by wide-angle seismic profiling conducted in 1990 as part of the Southeastern China Continental Dynamics project aimed at the study of the contact between the Yangtze block and the Cathaysia block. In the frame of this project, the 380-km-long profile shown in Fig. 6, with azimuth nearly N30 with spacing of about 3 km along the recording line. The propagating seismic phases, recorded with an average trace gap of 3 km at distances from 2 to 240 km from the shot site, are displayed in Fig. 7 as P-wave record sections at reduced time scale using a common velocity of 6.0 km/s. Almost all the P-wave traces of vertical, radial, and transverse ground-motion registered along the profile exhibit a high signal-to-noise ratio. From these record sections, we are able to clearly identify not only the Pg energy arrival refracted above of the crystalline basement but also the Pm-phase reflected from the Moho. The Pn-phase refracted from the Moho can also be recognized even though the amplitudes are very weak as compared with the amplitude of the previous phases. Other P-phases reflected from interfaces between the crystalline basement and the crustmantle discontinuity (events P1, P2, P3, and P4) are recognized too. P-and S-wave traveltime interpretations are described in detail elsewhere [START_REF] Xiong | Lithosphere structure and velocity distribution from Tunxi to Wenzhou[END_REF][START_REF] Zhang | CDP mapping to obtain the fine structure of the crust and upper mantle from seismic sounding data: an example for Southeastern China[END_REF][START_REF] Zhang | Crust-upper mantle seismic velocity structure across southeastern China[END_REF].

From among the shots, three of them fired at Xinanjiang, Songyang, and Qingtian (Fig. 6) were recorded at both directions along direct and reversed profiles and therefore give two-sided record sections (Fig. 7). In the following, we only consider the longest transects for phase correlation: the right side moving away from Xinanjiang and the left sides from Songyang and Qingtian. Because of our 1-D limitation, we choose appropriate distance ranges (less than 80 km) for the P-phases detected in the stacked seismograms and their respective travel times. In the computation, the non-negligible free-surface effects were corrected following to [START_REF] Macbeth | Multi-component vsp analysis for applied seismic anisotropy[END_REF] and [START_REF] Mario | Analysis of particle motion recorded by three-component seismic stations[END_REF].

We analyze the polarizations of all the crustal P-phases (Pg, P1, . . . , Pm) from the threecomponent array data using the eigenvalueeigenvector method based on the data covariance matrix [START_REF] Flinn | Signal analysis using rectilinearity and direction of particle motion[END_REF][START_REF] Benhama | Study and applications of spatial directional filtering in threecomponent recordings[END_REF][START_REF] Jurkevics | Polarization analysis of threecomponent array data[END_REF][START_REF] Perelberg | Applications of seismic polarization analysis[END_REF]. The method is applied with the help of a time variable window whose size depends on the signal frequency; since this frequency is around 5 Hz that is a period of 0.2 s, we take 0.1, 0.2, and 0.3 s as widths of the time gates for polarization measurements from the three-component waveforms. The procedure is implemented as follows: On a waveform recorded at a certain offset, we first identify a particular crustal phase like a main energy arrival at a time, and then, using a 0.1 s time gate and taking a temporal portion of 40 samples, we compute the polarization angle, after which we repeat the calculation employing a 0.2-s time window and 80 samples and again a 0.3-s time gate and 120 samples; thereby, we have up to three polarization values at the offset of reference. We repeat these operations for other distances, and also for other phases, to obtain offset-dependent polarization angles for all the correlated phases and therefore their respective polarization curves. Figure 8 illustrates the procedure graphically: It shows the radial, transverse, and vertical components of the round motion recorded at 75.87 km from the shot fired at Fengle; several crustal phases can be observed and the three-time gates used for polarization measurements as well. Examples of polarization curves for two particular phases are plotted together with the polarization curves finally selected.

We thereafter reconstruct (layer by layer) the vertical P-wave velocity, the reflector depths, and the anisotropy parameters for the five tested crustal structures, initially by isotropic inversion and after by anisotropic joint inversion of the travel times and polarization data acquired before from the original wide-angle seismic dataset. Then, we make forward computation of travel times and polarization angles using the inversion models obtained by the two methods. Figures 9 and 10 show these last results derived through (isotropic or anisotropic) inversion and forward modeling, together with the times read directly on the seismograms and the polarizations determined from the waveform analysis. In the useful frequency band, we observe wide-angle polarizations dependent on source-receiver distances less than 80 km (Fig. 10). The comparison makes it clear that the anisotropic model really fits better, as the results determined by anisotropic joint inversion fit nearly the real data better than those determined by isotropic inversion. Figure 11 shows the depth-dependent vertical P-wave velocity (v p0 ) and the Thomsen's anisotropy parameters (ε and δ) for the five tested crustal columns at depths down to 30-35 km. The real travel times that we have picked might contain an undesirable amount of error, which would result in uncertainty of the computed final solution. In order to give a measure of this uncertainty, we acquire new travel times with a perturbation of 5% and invert again these perturbed data; horizontal error bars in Fig. 11 show graphically the errors so obtained in all cases.

The vertical P-wave velocities found for the shallowest materials are 5.30 km/s at Fengle Reservoir, 5.71 km/s at Xinanjiang, 5.50 km/s at Songyang, 5.72 km/s at Qingtian, and 5.55 km/s at Dongtou. A good correlation between these seismic velocity values and the geological outcrops is observed: Relatively low velocities coincide with the presence of sedimentary or volcanic materials. At crustal depths ranging from 25 to 35 km, we observe velocity changes at both sides of the Jiangshan-Shaoxing fault, the P-wave velocity passing from 6.68 to 6.88 km/s in the north and from 6.51 to 6.96 km/s in the south. These results are similar to those reported by [START_REF] Zhang | Crust-upper mantle seismic velocity structure across southeastern China[END_REF], although such changes of depth-dependent velocity are not exactly the same because of the different layering. The maximum depth of the crust, the Moho, is about 35 km at Fengle and 30 km at Dongtou, thus revealing gradual thinning of the crust from northwest to southeast (offshore), which is a gross structural feature re- ported by other authors [START_REF] Xiong | Lithosphere structure and velocity distribution from Tunxi to Wenzhou[END_REF][START_REF] Zhang | Inversion for elliptically anisotropic velocity using VSP reflection traveltimes[END_REF][START_REF] Zhang | Crust-upper mantle seismic velocity structure across southeastern China[END_REF]. The anisotropy magnitude under the northwest segment of the profile (at Fengle and Xinanjiang) is different from the existent anisotropy under the southeast transect. The average value of the parameter ε is 0.061 in the north third of the profile but almost half, 0.038, in the southern part. Although in a lesser proportion, the average value of the parameter δ also reveals a change from 0.166 in north direction to 0.145 in south direction. However, whereas the mean value of the anisotropy parameter δ is practically the same at Fengle and Xinanjiang, 0.164 and 0.168, respectively, it becomes 0.075 at Songyang and beyond, making clear different anisotropy conditions at both sides of the Jiangshan-Shaoxing fault that seems to delimit two distinct tectonic blocks.

Figure 12 displays the fast P-wave direction for different reflectors at crustal-scale together with 12 P-wave velocity (V po ) and Thomsen anisotropy parameters (ε and δ) for the five tested crustal columns. Fast P-wave directions for different reflectors and sites are also given the P-wave velocity and anisotropy results for every layer belonging to the investigated crustal sections. It is obvious that the fast P-wave direction is mainly horizontal in the upper crust, but an appreciable difference is found under Songyang, Qingtian, and Dongtou, to the southeast of the Jiangshan-Shaoxing fault, where the fast P-wave direction is clearly vertical. Just this long fault has been recognized as the natural boundary between the Yangtze and Cathaysia blocks from geological, geochemical, and geophysical evidences [START_REF] Hsu | Mesozoic overthrust tectonics in south China[END_REF][START_REF] Hsu | Tectonics of South China: key to understanding West Pacific geology[END_REF][START_REF] Gilder | Cretaceous and Tertiary paleomagnetic results from southeast China and their tectonic implications[END_REF][START_REF] Gilder | Triassic paleomagnetic data from south China and their bearing on the tectonic evolution of the western circum-pacific region[END_REF][START_REF] Gilder | Isotopic and paleo constraints on the Mesozoic tectonic evolution of south China[END_REF][START_REF] Pei | The granites of south China and their metallogeny[END_REF][START_REF] Chen | Crustal evolution of southeastern China: Nd and Sr isotropic evidence[END_REF][START_REF] Hong | Isotope geochemistry of granitoids in south China and their metallogeny[END_REF][START_REF] Hong | Geological significance of the Hangzhou-Zhuguangshan-Huashan high granite belt[END_REF][START_REF] Zhang | Crust-upper mantle seismic velocity structure across southeastern China[END_REF][START_REF] Zhang | Composition of the crust beneath Southeasthern China by an integrated geophysical dataset[END_REF][START_REF] Zhang | Crustal structure and contact relationship revealed from deep seismic sounding data in South China[END_REF].

Conclusions

We present an approach that reconstructs the vertical P-wave velocity, the layer thickness, and the Thomsen's parameters for weak anisotropy after obtaining anisotropic stiffness coefficients in VTI media through joint inversion of seismic reflection travel times and polarization angles. The inverse problem is firstly posed in matrix form and then formulated as a system of four algebraic linear equations referred to a layer of the anisotropic elastic solid. The linear working scheme is layer by layer by applying a least-squares method, and the final layer solution is found iteratively minimizing the error expectancy for the physical properties here searched into.

First anisotropic travel-time inversion for anisotropic stiffness coefficients has permitted us to test the method with synthetic data and compare the outputs with the results obtained by joint inversion, these latter revealing a satisfactory fit to the initial earth model, thus supporting the reliability of our joint inversion scheme. Then, we further obtain the layer thickness, P-wave velocity, and Thomsen's parameters because of good indication for anisotropic media.

The joint inversion method is applied to real data acquired from three-component waveforms obtained by wide-angle seismic profiling in Southeastern China. We have done a sequence of 1-D inversions along the entire profile, centered at each of the shot sites. On the basis of the seis-mic anisotropy signature of the regional crust, we interpret the laterally varying anisotropy magnitude and the fast P-wave direction as clear evidences in support of the Jiangshan-Shaoxing fault as the natural boundary between the Yangtze tectonic block and the Cathaysia tectonic block.

Because of the complexity of the formulation for VTI media with weak anisotropy, in this paper, we have tackled the problem of a 1-D (layer cake) earth model. Far from this simplistic model, a more realistic (and interesting) problem is when the earth is fairly close to being layered in dipping interfaces, still more if one is limited to data from an un-reversed profile. Although this case is out of our score in the present paper, we do not renounce to develop a more complex formulation in a further study.
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  Fig. 2 Flowchart describing the computation steps involved in the linear approach

  Schoenberg 1987) can be observed for the second layer (labeled N = 2 in the graphic illustration).

Fig. 5

 5 Fig. 5 Vertical P-wave velocity (a) and Thomsen parameters (band c) obtained by joint inversion of travel times and polarizations (dash lines) contrasted with the depth-dependent curves (solid lines) computed from the parameterized model given inTable 1

Fig. 6 Fig

 6 Fig. 6 Simplified situation map of Southeastern China and neighboring areas showing the wide-angle seismic profile in NW-SE direction from Fengle Reservoir (near Tunxi) to Dongtou Island (near Wenzhou). The inset in the bottom left corner indicates the location of the study area (shaded zone). Up to 85 portable seismic stations (triangles) were installed and five shots were fired at different sites (stars): Fengle, Xinanjiang, Songyang, Qingtian, and Dongtou. The major active faults crossed
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  Fig. 7 (continued) 

Fig. 8

 8 Fig. 8 Upper part A zoomed-in view of the radial (X), transverse (Y), and vertical (Z ) components of the ground motion recorded at 75.87 km from the shot fired at Fengle, which include several crustal P-phases (P1, . . . , Pm) correlated like main energy arrivals at different times. The 0.1, 0.2, and 0.3 s time gates applied on temporal portions of the waveforms for polarization measurements are represented by short horizontal segments. Lower part Offsetdependent polarization angles estimated with the three time gates for two sample phases, P1 and P3, are plotted together with the polarization curves finally selected

Fig

  Fig.9Crustal P-phase reflection travel times obtained through either isotropic inversion (blue lines) or anisotropic inversion (red lines) and then forward modeling, which are contrasted with the times read directly on the seismograms (black lines)

Fig

  Fig.10Crustal P-phase polarization angles obtained through either isotropic inversion (blue lines) or anisotropic inversion (red lines) and then forward modeling, which are contrasted with the polarizations determined directly from the waveforms (black lines)

Fig

  Fig. 11 (continued) 

Table 1

 1 Parameterization of the initial upper-crust model used for checking Layer thickness, ρ density; C 11 , C 13 , C 33 , C 55 , anisotropic stiffness coefficients

	Layer number	h(km)	ρ(Mg/m 3 )	C 11 (Gpa)	C 13 (Gpa)	C 33 (Gpa)	C 55 (Gpa)
	1st layer	2.5	2.0	30.2	3.2	21.7	6.3
	2nd layer	2.5	2.0	27.7	-21.9	22.7	6.7
	3rd layer	2.5	2.0	39.7	16.8	28.8	8.6
	4th layer	2.5	2.0	45.0	12.9	38.8	12.9
	h residual and model parameter (Pavlis and Booker			
	1980; Spencer and Gubbins 1980)				

Table 1

 1 

	a		Vp (km/s)	b		ε		c		
		3.00	3.50	4.00	4.50	0.00	0.10	0.20	0.30	-0.30 -0.10	0.10	0.30
		0.00				0.00				0.00	
	Depth (km)	8.00 4.00			Depth (km)	8.00 4.00			Depth (km)	8.00 4.00	
		12.00				12.00			12.00	
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