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0 ABSTRACT

() To improve seismic calibration for nuclear explosion monitoring, we use 3D sensitivity kernels of finite-frequency
body and surface waves to develop models of the crustal and mantle structures beneath eastern Eurasia. We have
collected and processed available broadband data from both permanent stations and temporary networks in eastern
Eurasia. We obtained a regional P-wave velocity model for the mantle structures down to 1,500 km beneath the
eastern Eurasia. We also carried out a detailed study of the P- and S-wave velocity structures in southeastern Tibet,
which led to some interesting geological findings. Our P- and S-wave velocity models reveal a low-velocity
anomaly in the crust and upper mantle to - 300 km depth beneath a north-south-trending rift zone in southeastern
Tibet. This low-velocity anomaly is situated above a tabular, high-dipping-angle, high-velocity anomaly that extends
into the upper-mantle transition zone. These results are evidence for the delamination of the mantle lithosphere and
its causal relationship to the formation of the north-south trending rift in southeastern Tibet.

In order to improve models at shallow depths, we apply the finite-frequency methodology to the surface wave
tomography using the ambient seismic noise. Unlike previous studies that calculated the dispersion curves from the
estimated Green's functions to solve for phase or group velocity maps, we have developed a new approach using the
3D finite-frequency sensitivity kernels for the Green's functions. We have collected continuous data for stations in
southeastern Tibet and computed the cross-correlations between all possible pairs of components from two stations.
We constructed 3D sensitivity kernels for the estimated Green's functions derived from the cross-correlation of
ambient noise, taking into account the effects of the surface topography. We will carry out a joint inversion of finite-
frequency S-waves and estimated Green's functions, which are dominated by surface waves to resolve both the
crustal and upper mantle structures.
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OBJECTIVES

The main objective of this research is to construct high-resolution P-and S-velocity models of the crust and mantle
beneath eastern Eurasia using 3D finite-frequency sensitivity kernels for body and surface waves. For surface wave
tomography, we will utilize Green's functions derived from the cross-correlation of ambient noise at pairs of
stations. A joint inversion of finite-frequency S waves and estimated Green's functions will be carried out to obtain
the crust and mantle structure. The results will be used to improve seismic calibration for nuclear explosion
monitoring.

RESEARCH ACCOMPLISHED

Finite-Frequency Seismic Tomography of Body and Surface Waves

1) Body Waves

To date, most global and regional tomographic studies are based on ray theory, where seismic waves are assumed to
have an infinite frequency and the arrival time of a body wave phase depends only upon the wave speed along the
geometrical ray path from the source to the receiver. However, because of wave front healing, scattering, and other
diffraction effects, the travel time of a finite-frequency seismic wave is sensitive to a three-dimensional structure off
the ray path. Based on the Born single-scattering approximation in conjunction with body wave ray theory, Dahlen
et al. (2000) derived the formulation of the Born-Fr6chet kernels for a seismic phase, which expresses the influence
of velocity perturbations upon a finite frequency travel-time shift:

6t (U ) = K. pb(L;, X) 6C (x)d 3X(1

where the quantity Kb(W,x) is the Fr6chet sensitivity kernel over the 3D Earth structure for a travel-time shift 6t
measured by cross-correlation of an observed pulse with its synthetic one.

2) Surface Waves

Similarly, a measured surface-wave phase delay 60 is written as a linear volumetric integration over heterogeneities

of shear-wave and compressional-wave speed perturbations (6P/P and 6a/a) in the three-dimensional Earth (Zhou et

al., 2006):

f f(&, x)6<(x)d3X ,for Love waves, and (2)

K ( 3 (x) 4 K(,x) (X) d3x , for Rayleigh waves, (3)

where w is the angular frequency of surface waves, and K6 and Ka represent the phase sensitivity kernels related to
the perturbations in the shear and compressional wave speeds, respectively.

In both cases of body and surface waves, according to equations 1, 2, and 3, the general problem for the inversion,
after parameterization of the model function on a spatial grid of nodes, can be expressed as follows:

d i =A dn (4)
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where di is the ith measured body-wave travel-time shifts and surface-wave phase delays, Ail is the value of the
integrated volumetric body-wave and surface-wave kernels, Kdx, contributing to the Ith node, and mi is the model
parameter at the lth node.

High-Resolution P and S Velocity Models in Southeastern Tibet

We processed data from the Namche Barwa seismic experiment (Sol et al., 2007), which deployed a 50-station
broadband array and a 20-element short-period array in southeastern Tibet during 2003-2004 (Figure 1). Data from
the global seismographic network (GSN) station LSA, which is located close to this temporary network, are also
included in this study. We used about 695 events that occurred during the operation period of the stations in 2003
and 2004, and with a magnitude greater than 5.5. With the multi-channel waveform cross-correlation method
(VanDecar and Crosson, 1990), we measured differential travel times of teleseismic P and S waves between
different stations for short, intermediate, and long periods: 0.5-2.0 Hz, 0.1-0.5 Hz, and 0.03-0.1 Hz for P waves,
and, 0.1-0.5 Hz, 0.05-0.1 Hz, and 0.02-0.05 Hz for S waves. The P-differential travel times are measured on
vertical component seismograms and those of S on traverse components. To avoid the ambiguity of long-period
phase arrivals in the triplication range and the effects of the core-mantle boundary, we have considered only data
with an epicentral distance of between 340 and 81'. Our final data set consists of- 36,313 P and -15,043 S
differential travel times, which are then utilized to invert for spatial variations in P- and S-wave velocity
perturbations according to the 3-D finite-frequency kernel formulation (Dahlen et al., 2000; Hung et al., 2004; Yang
et al., 2006).

Our results show the presence of a low-velocity anomaly in the crust and upper mantle down to a - 300-km depth
beneath a north-south trending rift zone in southeastern Tibet (Figure 2) (Tapponnier and Molnar, 1977; Armijo et
al., 1986; Yin, 2000). This low-velocity anomaly is situated above a tabular, high-dipping-angle, high-velocity
anomaly that extends into the upper mantle transition zone. The Vp/Vs ratio of the high-velocity anomaly suggests
that temperature variations are not the only cause and that a highly melt-depleted mantle is required. These results
provide evidence for the mantle lithosphere delamination (Figure 3) and its link to north-south trending rifts in
southeastern Tibet (Ren and Shen, 2008), contrary to previous studies that argued that the north-south trending rift
zones in the Tibetan plateau are shallow features, formed by the eastward motion of the shallow crust decoupled
from the mantle lithosphere by a low-viscosity lower-crust (e.g., Shen et al., 2001; Jim6nez-Munt and Patt, 2006).
Studies of an extended region in southern Tibet are thus needed to understand whether the mantle lithosphere
delamination phenomenon is limited to the study area or occurs in a broad region where it plays an important role in
the elevation and deformation of the Tibetan plateau.

Surface-Wave Tomography using Ambient Seismic Noise

Previous studies showed that the Rayleigh and Love Green's functions can be derived from the cross-correlation of
ambient seismic noise on the three components (vertical, north and east) at pairs of stations, and that the ambient
seismic noise tomography is an efficient method to image the crustal and shallow mantle structures with an
improved path coverage and spatial resolution (Shapiro and Campillo, 2004; Sabra et al., 2005; Shapiro et al., 2005;
Yao et al., 2006; Yang et al., 2007; Cho et al., 2007; Lin et al., 2008). In this project, we have applied the ambient
seismic noise tomography to the region of southeastern Tibet to image the crustal and shallow upper mantle
structures. But unlike previous studies that calculated the dispersion curves from the estimated Green's functions
using an automated frequency-time analysis (FTAN) (Yao et al., 2006; Bensen et al., 2007; Yang et al., 2007; Cho et
al., 2007) in order to solve for phase or group velocity maps, we are developing a new approach using the 3D
finite-frequency sensitivity kernels for the Green's functions.

1) Data collection from Ambient Noise Cross-Correlation

We have collected and processed continuous data from about 70 stations deployed in the Namche Barwa seismic
experiment during 2003-2004 (Figure 1, Sol et al., 2007). We have used all three components data (vertical, north,
and east), and computed the cross-correlations between all possible pairs of components from two stations in order
to obtain the estimated Green's functions. The raw data have been cut into I -day-length waveforms, and the mean
trend and instrument response are removed. All data are then bandpass filtered between periods of 4 s and 150 s,
processed using the one-bit normalization, and stacked afterwards. Figure 4 shows an example of the cross-
correlations (vertical-vertical, north-north, and east-east) between the Lhasa station LSA and the station ES 11,
bandpass filtered between 10s and 20s. The observed signals at both positive and negative correlation lag times
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correspond to waves propagating in opposite directions between the stations. The Z-Z cross-correlation exhibits
clearly the Rayleigh wave, whereas the N-N and E-E cross-correlations contain a combination of both Rayleigh and
Love waves. The fact that surface wave waveforms are observed earlier on N-N and E-E cross-correlations than
those on the Z-Z cross-correlation indicate effectively the presence of Love waves on the transversal components.
The radial and transverse components, and thus first-order separation of Rayleigh and Love waves, can be obtained
from the rotation of all possible combinations of cross-correlation of the three components (Lin et al., 2008). Figure
5 shows another example of the cross-correlations between the station LSA and all other stations for Z-Z, N-N, and
E-E components, bandpass filtered between lOs and 20 s.

2) Sensitivity Kernels for Green's Function from Ambient Noise Cross-Correlation

In order to apply the finite-frequency methodology to the surface wave tomography using the ambient seismic noise,
we have constructed 3D sensitivity kernels for the Green's function derived from the cross-correlation of ambient
noise at pairs of stations. The kernels are calculated using the scattering integral method (Zhao et al., 2005; Zhang et
al., 2007; Zhang and Shen, 2007). Because the Green's function derived from the cross-correlation of seismic
ambient noise is the surface wave between pairs of stations, both the shallow velocity structure and surface
topography may significantly affect the 3D sensitivity kernels. To assess the effects of surface topography on the
sensitivity kernels, we put a band of random topography between the pair of stations. The topography is statistically

characterized by a horizontal correlation length (a) and a height RMS (root mean square) fluctuation (E) and has a

Gaussian type autocorrelation function:

R(r) = 2 exp T2/a
2.  (5)

Figure 6 shows an example of the 3D phase delay sensitivity kernels for a Green's function corresponding to the
estimate from the cross-correlation of vertical records at two stations separated by 100 km in a modified ak 135
model, in which the topography has a correlation length a=4 km and a height RMS fluctuation of I km. Our study
shows that surface topography effect is most significant when the wavelength and the horizontal scale of surface
topography are comparable (Zhang and Shen, 2007). This will occur if short-period waves are used. Thus in places
with rough surface topography, the topographic effects must be taken into account in the use of short-period ambient
noise.

Other Work

As shown in the previous report, we have obtained a regional P-wave velocity model for the upper 1,500 km beneath
eastern Eurasia using the finite-frequency tomography methodology (Yang et al., 2006). We are collecting and
processing additional data from the China National Seismic Network, which became available recently. The
additional data will substantially improve the P-wave velocity model in this part of region. We will calculate
travel-time corrections from the final P and S velocity models and relocate GT events with and without the
corrections for model validation.

CONCLUSIONS AND RECOMMENDATIONS

We have applied the finite-frequency sensitivity kernels of body and surface waves to develop the crustal and mantle
structures beneath eastern Eurasia. For the body-wave tomography, we have assembled a large data set of broadband
waveforms and used cross-correlation to measure P and S differential travel times. The data set is then inverted for
spatial variations in P- and S-wave velocity perturbations according to the 3D finite-frequency kernel formulation. P
and S-wave velocity models beneath southeastern Tibet provide evidence for a causal relationship between the
mantle lithosphere delamination and the north-south trending rifts. For the surface wave tomography using ambient
seismic noise, we have collected continuous data from southeastern Tibet, and have computed the cross-correlations
between all possible pairs of components in order to obtain the estimated Green's functions. In parallel, we have
calculated the 3D sensitivity kernels for Green's functions derived from the cross-correlation of ambient noise at
pairs of stations and have estimated the effects of surface topography on the sensitivity kernels. Both P- and S-wave
velocity models derived from the finite-frequency tomography of body and surface waves will be used to improve
seismic calibration in Eurasia.
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Figure 1. Topographic map of southeastern Tibet with active faults in the region of the Himalayan Eastern
syntaxis and the locations of the stations used in the study.
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Figure 2. (a). P- and S-wave velocity perturbations relative to the reference model (CRUST2.0 and iasp91) at

different depths: 75 ki, 112 ki, 188 km and 375 km. (b). Cross-section A-B through P- and S-wave
tomographic models, along the ndus-Yarlung suture and across the rift in southeastern Tibet.
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syntaxis and the locations of the stations used in the study.
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I"

Figure 3. Three-dimensional image of the P-wave velocity model with our interpretation of the observed
structures in southeastern Tibet. The topography is not to scale.
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Figure 4. (a). The path between the GSN station LSA (Lhasa, Tibet) and the station ES11. (b). The 10-20 s
bandpass filtered cross-correlations observed between the station LSA and ESI 1, as showed in a).
The labels Z-Z, N-N and E-E denote the cross-correlation between Vertical-Vertical, North-North
and East-East components, respectively.
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Figure 5. (a). The path between the GSN station LSA (Lhasa, Tibet) and the stations deployed in the Namche
Barwa seimic experipment. (b-d). The bandpass filtered (10-20 s) cross-correlations observed
between the station LSA and other stations for Z-Z (Vertical-Vertical), N-N (North-North), and
E-E (East-East) components.
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Figure 6. Sensitivity kernels for a modified model ak135 with the topography having a correlation length a=4
kin, RMS=I kin, and the center frequency of the source time function fc=0.5 Hz. The center
wavelength is around 6 kin, and the horizontal length of a single hill is around 8-9 km. The
horizontal scale of the hill is greater than one wavelength. The topography-scattered waves cause
some sensitivities at depth, and the kernels are distorted by the topography.
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