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ABSTRACT

An accurate, high-resolution 3-D earth model is crucial to the seismic calibration for nuclear monitoring. We use the
newly developed Finite Frequency Seismic Tomography (FFST) approach to construct the crustal and mantle
structure beneath eastern Eurasia. Traditionally, travel times of seismic waves are calculated based on the ray theory,
which is valid strictly for infinite-frequency waves. Observed seismic waves, however, are finite frequency signals.
As a result of scattering and diffractive effects, travel times of realistic finite frequency waves are sensitive to 3-D
structure around the geometrical rays, and the travel time shifts caused by heterogeneities diminish gradually from
the heterogeneities to receivers - a phenomena named the wave front healing. The ray theory ignores this ubiquitous
effect of the propagation of realistic seismic waves. Tomographic inversions based on it, therefore, tend to
underestimate the magnitudes of heterogeneities. The newly developed FFST utilizes the 3-D Born-Fréchet
sensitivity kernels of the travel times of finite-frequency seismic waves. The new method accounts for the wave
front healing, off-ray scattering and other non-geometrical diffraction phenomena, and significantly improves the
resolution of the velocity heterogeneity.

In addition to the new methodology, we will use a more comprehensive data set than in previous studies to construct
the new earth model beneath eastern Eurasia. We will collect data from the publicly accessible sources e.g.,
Incorporated Research Institutions for Seismology (IRIS), Global Seismographic Network (GSN), the Program for
the Array Seismic Studies of the Continental Lithosphere (PASSCAL), and International Monitoring System (IMS)
stations. Efforts will also be made to collect data sets from other networks in the region such as the Japanese
Broadband Seismograph Network (F-net), the Japanese International Seismic Network (JISNET in Indonesia), and
the Taiwan Broadband Seismic Network. Access to other unique sources including permanent and portable seismic
stations throughout the study area further improves the station coverage over eastern Eurasia.

This is the beginning of a three-year effort to improve seismic calibration in eastern Eurasia. We will first develop a
3-D FFST velocity model using body waves, along with model uncertainties. Travel time corrections and modeling
error surfaces will be derived and applied to relocating ground truth (GT5) events. The final model will be
developed using joint body and surface waves. From the 3D velocity models, we will also simulate the full wave
propagation in the transition zone. To facilitate data integration, a project database and a web-based tool are being
implemented.
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OBJECTIVES

We will develop a new generation of high-resolution P and S velocity models that are based on the recent wave
propagation theory for realistic, finite-frequency seismic waves using both public and unique data sets. We will
derive frequency-dependent travel time corrections and uncertainty estimates for eastern Eurasia, and validate the
model and event location improvement using ground truth (GT) data. Three-dimensional (3D) full waveform
simulations will be carried out to model wave propagation through the transition zone and seismic anisotropy.

RESEARCH ACCOMPLISHED

Previous Studies

Eastern Eurasia is one of the most tectonically complex regions in the world due to the India-Eurasia collision and
subsequent extensive lithospheric deformation. While the evolution history of continental lithosphere has been well
recognized (Briais et al., 1993), the fine structure associated with the complicated deformation in this region is far
from clear, and deep mantle processes that accompanied shallower lithosphere deformations are poorly understood.
An accurate, high-resolution 3D earth model for this region is needed to improve seismic calibration for nuclear
monitoring. Efforts have been made in developing and applying regional and teleseismic models for this purpose
(Johnson and Vincent, 2002; Antolik et al., 2003; Ritzwoller et al., 2003; Richards et al., 2003; Yang et al., 2004).

Many seismic imaging studies have already been conducted in Eastern Eurasia and adjacent west Pacific area. Most
of regional studies covering a large area of eastern Eurasia are based on surface wave observations (e.g. Wu et al.,
1994; Ritzwoller et al., 1998; Curtis et al., 1998; Zhu et al., 2002; Lebedev and Nolet, 2003). While there are
extensive short—period body wave tomographic studies performed along the subduction zone of the pacific plate in
western Pacific (Van der Hilst et al., 1991; Fukao et al., 1992; Windiyantoro and Van der Hilst, 1997; Bijwaard et
al., 1998; Zhao et al., 2000), only limited body wave travel-time tomographic studies have been conducted within
the eastern Asia continent. The resolutions in those studies were limited by the relatively sparse seismic stations in
the earlier work (Liu et al., 1989), or only limited to small regional (Pei et al., 2005) and local (Liu et al., 1989; Xu
et al., 2001; Huang and Zhao, 2004) areas. There are also several studies using Pn waves to obtain the crustal
thickness and uppermost mantle structure beneath the great China region (e.g., Sun et al., 2004; Liang and Song,
2004).

Finite Frequency Seismic Tomography

Almost all global and regional tomographic models, including the ones for Eastern Eurasia, are based on the
geometrical ray theory (e.g. Dziewonski, 1984; Grand, 1994; Van der Hilst et al., 1997), which assumes that the
seismic waves have an infinite frequency band, and the arrival time of a body wave depends only on the velocity
along the geometrical ray path between the source and receiver. In fact, observed seismic waves are finite frequency
signals, and their travel times are sensitive to a 3-D volume around the geometrical ray and subjected to wavefront
healing, scattering and other diffractive effects. As a result, the travel time shifts are affected by wavefront healing
for velocity heterogeneities with dimensions smaller than the width of the Fresnel zone (Nolet et al., 2000; Hung et
at., 2000; Baig et al., 2004), and tomography based on ray theory, therefore, tends to underestimate the magnitude of
velocity heterogeneities. In contrast, the 3-D Born-Fréchet travel-time sensitivity kernels (Marquering et al., 1999;
Dahlen et al., 2000; Hung et al., 2000; Zhao et al., 2000) account for the wavefront healing, off-ray scattering and
other non-geometrical diffraction phenomena. By using waveform cross-correlation, the kernel can provide better
measurements of the travel time shifts caused by velocity anomaly for finite frequency seismic waves. Thus the
seismic imaging technology based on this 3-D sensitivity kernel can significantly improve the resolution of the
velocity heterogeneity. The 3-D kernel theory has been successfully applied to regional (Hung et al., 2004; Shen and
Hung, 2004) and global (Montelli et al., 2004) seismic tomography. A comparison of the velocity models beneath
Iceland showed that the finite-frequency tomography significantly improves the resolution of the velocity structure
beneath the Iceland hotspot (Hung et al., 2004).

The general formula for the inverse problem, after parameterization of the model function on a spatial grid of nodes,
can be expressed as a concise matrix form for discrete inverse problem:

di =Am, M
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For teleseismic regional tomography, di represents the ith relative travel time delay, and M, is velocity anomaly at
the Ith grid node. The difference between ray-based and kernel-based tomography is in A, . In traditional

tomography, A“ is the difference of the total path lengths throughout a specific volume that contributes to the Ith
node between the two arrivals in the ith paired relative travel time measurement. In 3-D kernel-base inversion
problem, however, A, is the differential value of the integrated volumetric kernels contributing to the Ith node

(Hung et al., 2004). In order to make the sparse equation solvable, the smoothness regularization is usually needed
in the ray-based inversion problem. In finite-frequency seismic tomography (FFST), however, the 3-D broad Born-
Fréchet kernel itself provides physical smoothness constraints. So, only a simple norm damping is needed to avoid
the ad hoc smoothness enforcement.

In FFST, the relative travel-time delays are frequency dependent because seismic waves with different frequency
contents sample different volumes of the velocity structure (Dahlen et al., 2000; Hung et al., 2004). To take
advantage of the broadband nature of the seismic records, the broadband waveforms can be filtered into several
narrower frequency band signals, each of which can constrain a different volume of the velocity heterogeneity, and
therefore has different relative travel-time shifts. Figure 1 shows an example of frequency dependent relative travel-
time delays at several GSN seismic stations in eastern Eurasia. Another advantage of this feature of FFST is the
microseism and other noise having known frequency contents that can be easily isolated from the signals.
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Figure 1. ( Left) A comparison of Born-Fréchet kernels for travel-time of teleseismic P phases, measured by
cross-correlation of the observed waveforms with the synthetics in three frequency bands: 0.5-2.0,
0.1-0.5 and 0.03-0.1 Hz. (Right) Example of frequency-dependent P arrivals observed at 12 GSN
stations from one earthquake. Broadband pulses have been bandpass-filtered at the three
frequencies. The waveforms are aligned according to the time picks of the multi-channel cross-
correlation method. The vertical bars mark the relative travel-time shifts used to align the
waveforms.
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Data Set and Inversion

The resolution of seismic models depends on the underlying theory and the data sets used in inversion. In addition to
the new seismic imaging technology that integrates realistic, finite-frequency body and surface waves in a self-
consistent way, we will collect and utilize a more comprehensive data set than in previous studies to construct the
new earth model beneath eastern Eurasia.

As the first step of the three-year effort, we are collecting data from IRIS, GSN, PASSCAL, and IMS stations, the
Japanese F-net and JISNET and Taiwan Broadband Seismic Network, as well as unique sources including
permanent and portable seismic stations throughout the study area. Figure 2 shows the stations in the study region
with broadband data. So far we have obtained an initial data set of broadband waveforms for events in eastern
Eurasia since 2000. It includes all GSN stations within the study region in 2000-2004, Taiwan stations in 2000-
2004, and JISNET stations in 2000-2001.
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Figure 2. Triangles mark the locations of broadband seismic stations in Eastern Eurasia (red: GSN stations;
blue: PASSCAL stations; yellow: part of the CNDSN; green: other permanent or long-term seismic
networks). Data from some of the PASSCAL stations will be available only in the later half of this
project. Circles represent earthquakes with magnitude greater than 5.0 during the period of 2000-
2003.

We have developed an automated waveform cross-correction routine, and processed P waves from global
earthquakes (2001-2004) with magnitude greater than 5.5 recorded by the GSN stations in eastern Eurasia and
selected stations in Taiwan. In addition to the direct P arrival, we will also use other complementary phases,
including the depth phase pP, surface-bounce phase PP (with bouncing point within the study region), and the
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steeply incident core phases PKP and PKIKP. Figure 3 shows the distribution of global and regional earthquakes
used in our preliminary model.

In processing data, to isolate the microseism and utilize the high dynamic range of the seismic records, we filter the
broadband waveforms of the P waves in high, intermediate and low frequency bands (0.5-2.0, 0.1-0.5, and 0.03-0.1
Hz, respectively). We specify a threshold value of the signal to noise ratio of 20 for automated data selection in each
frequency band and inspect each selected record visually for consistency. The relative travel time delays of the
arrivals in each frequency band for each event are measured by multi-channel cross-correlation (VanDecar and
Crosson, 1990).

Figure 3. Location of the earthquakes with useful P phases (solid circles) and GSN stations (triangles) in the
study region.

The norm damping factor of the inversion is determined by the trade-off analysis of model roughness versus
variance reduction (Menke, 1989). An additional free term at each station was added into the inversion to absorb the
time shifts due to the lateral variation in station elevation and velocity anomalies at shallow depths, which cannot be
constrained due to the lack of crossing rays. The inversion of the massive matrix is approximated by the iterative
solution of the LSQR algorithm (Paige et al., 1982).

Preliminary Results

Figure 4 shows the sampling density from high-, intermediate-, and low-frequency P waves from teleseismic
earthquakes recorded by the GSN stations. The sampling density is the diagonal values of the product of the Gram
matrix in equation 1 and its transpose (Hung et al., 2004). By examining the sampling, we can find where the model
space is expected to be well resolved and where additional earthquake-station paths or phases are needed to obtain
an adequate sampling of the velocity structure beneath the study region. As shown in Figure 4, direct P arrivals
provide a good coverage in the depth range of 400 - 1500 km. There exist large coverage gaps in the shallow upper
mantle and crust due to the sparse GSN station distribution.
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We note that so far only a small fraction of the available data sets has been used in this preliminary result. The other
data sets being collected (e.g., CNDSN, IRIS, PASSCAL, IMS and JISNET) will fill most of the blanks in Figure 4,
especially beneath the Eurasia continent. The depths phase pP, surface multiple phase PP, and regional arrivals will
provide resolution for the shallow structure. PKP and PKIKP phases will provide coverage in the deep mantle and
vertical ray paths that cross with other phases in the shallower mantle. We also note that surface waves, which
sample the crust and shallow mantle, will be used in joint tomography of finite-frequency body and surface waves to
obtain the 3-D shear-wave velocity structure.
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Figure 4. Sampling of the model space by 3D sensitivity kernels of P waves with (a) the high-frequency band
(0.5-2 Hz), (b) intermediate frequency band (0.1 -0.5 Hz), and (c) low-frequency band (0.03 -0.1 Hz).
The line AB in the map view marks the location of the vertical profile. The horizontal slices are at
227 and 770 km depth.

Because of the relatively narrow “banana-doughnut” sensitivity kernels of high-frequency P waves (Figure 1), the
sampling of high-frequency P waves (Figure 4a) resembles that in ray theory. At intermediate and low frequencies,
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the broad sensitivity kernels provide a more smooth coverage of the structure (Figures 4b and 4c). FFST will
combine the sensitivity kernels in all frequency bands.

Project Database and Web-based Tool

We have created a project database to integrate data sets collected for model construction and validation. The
database will include a large amount of waveforms as well as ground truth (GT) data with event location uncertainty
within 5 km. It is an Oracle relational database using the core NNSA schema with some modifications. We have
implemented the fundamental principles of the database management system (DBMS) to obtain an Entity-

Relationship diagram (Figure 5).
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Figure S. E/R diagram for the project database.

As data are being collected by the team members in this project, they are integrated and stored in the project
database. To facilitate efficient data integration and access, a Science Applications International Corporation (SAIC)
existing web-based tool is being implemented for use by the project. Figure 6 shows the interface developed under
SAIC support. This tool will enable the distributed team members to remotely upload data directly into the database
besides other functionalities such as search.
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Figure 6. Web-based tool for use in data integration and data access.

CONCLUSIONS AND RECOMMENDATIONS

In this three-year project we will improve seismic calibration for nuclear explosion monitoring in eastern Eurasia
using our recently developed FFST. The 3-D, finite-frequency kernels account for wavefront healing and other
finite-frequency effect of wave diffraction. In addition to the new methodology, we will use a more comprehensive
data set than in previous studies to construct the new earth model beneath eastern Eurasia.

Preliminary tomographic inversions using finite-frequency kernels have demonstrated significant improvement in
resolution compared to those based on ray theory. Initial data processing using teleseismic earthquakes recorded by
the GSN stations in eastern Eurasia demonstrates that 3-D finite-frequency sensitivity kernels yield a more smooth
and uniform sampling than in ray theory, which improves tomographic inversions. The mantle in the 400-1500 km
depth range is well sampled by the direct teleseismic P arrivals. The initial results show that additional phases (e.g.,
pP, PP, PcP, PKP) as well as regional arrivals are essential to imaging the shallow (<400 km depth) and deep
(>1500 km) velocity structure.

The 3D velocity models will be used in seismic calibration in Eurasia. We will develop frequency-dependent travel
time corrections and uncertainties, and used them in relocating GT events for validating the model and event
location improvement. From the 3D velocity model we will also simulate 3D full wavefield for modeling wave
propagation through the transition zone.

REFERENCES

Antolik, M., Y. Gu, G. Ekstrom, and A. Dizwonski (2003), J362D28: a new joint model of compressional and shear
velocity in the Earth’s mantle, Geophys. J. Int. 153: 443-466.

Baig, A.M,, F. A. Dahlen, and S.-H. Hung (2004), Traveltimes of waves in three-dimensional random media,
Geophys. J. Int. 153: 467-482.

486



27th Seismic Research Review: Ground-Based Nuclear Explosion Monitoring Technologies

Bijwaard, H., W. Spakman, and E. R. Engdahl (1998), Closing the gap between regional and global travel time
tomography, J. Geophys. Res. 103: 30,055-30,078.

Briais, A., P. Patriat, and P. Tapponnier (1993), Updated interpretation of magnetic anomalies and seafloor
spreading stages in the South China Sea: Implications for the Tertiary tectonics of Southeast Asia, J.
Geophys. Res., 98, 6299-6328.

Curtis, A., J. Trampert, R. Snieder, and B. Dost (1998), Eurasian fundamental mode surface wave velocities and
their relationship with tectonic structures, J. Geophys. Res. 103: 26,919-26,947.

Dahlen, F. A., S.-H. Hung, and G. Nolet (2000), Fréchet kernels for finite frequency traveltimes-I. Theory, Geophys.
J. Int. 141: 157-174.

Dziewonski, A.M (1984)., Mapping the lower mantle: determination of lateral heterogeneity in P velocity up to
degree and order 6, J. Geophys. Res. 89: 5929-5952.

Fukao, Y., M. Obayashi, H. Inoue, and M. Nenbai (1992), Subducting slabs stagnant in the mantle transition zone, J.
Geophys. Res. 97: 4809-4822.

Grand, S.P. (1994), Mantle shear structure beneath the Americas and surrounding oceans, J. Geophys. Res. 99:
11591-11621.

Huang, J. and D. Zhao (2004), Crustal heterogeneity and seismotectonics of the region around Beijing, China,
Tectonophysics 385: 159-180.

Hung, S.-H., F. A. Dahlen, and G. Nolet (2000), Fréchet kernels for finite frequency traveltimes—II. Examples,
Geophys. J. Int. 141: 175-203.

Hung, S-H ,Y. Shen, and L.-Y. Chiao (2004), Imaging seismic velocity structure beneath the Iceland hot spot: A
finite frequency approach, J. Geophy. Res. 109: doi: 10.1029/2003JB002889.

Johnson, M., and C. Vincent (2002), Development and testing of a 3D velocity model for improved event location: a
case study for the India-Pakistan region, Bull. Seism. Soc. Am. 92: 2893-2910.

Lebedev, S. and G. Nolet (2003), Upper mantle beneath Southeast Asia from S velocity tomography, J.Geophys.
Res. 108: B1, 2048, doi: 10.1029/2000JB000073.

Liang, C., X. Song, and J. Huang (2004), Tomographic inversion of Pn travel times in China, J. Geophys. Res 109 :
B1,1304, doi:10.1029/2003JB002789.

Liu, F., K. Qu, H. Wu, et al. (1989), Seismic tomography of the Chinese continent and adjacent region, Chinese J.
Geophys. 32: (3), 281-291.

Marquering, H., F. A. Dahlen, and G. Nolet (1999), Three dimensional sensitivity kernels for finite-frequency
traveltimes: The banana-doughnut paradox, Geophys. J. Int. 137: 805-815.

Menke, W. (1989), Geophysical data analysis: Discrete Inverse Theory, Academic, San Diego, Calif.

Montelli, R., G. Nolet, G. Masters, F. A. Dahlen, E. R. Engdahl, and S.-H. Hung (2004), Finite-frequency
tomography reveals a variety of plumes in the mantle, Science 303: 338-343.

Nolet, G. and F. A. Dahlen (2000), Wave front healing and the evolution of seismic delay times, J. Geophys. Res.,
105, 19,043-19,054.

Paige, C.C., and M. A. Saunders (1982), LSQR: An algorithm for sparse linear-equations and sparse least-squares,
Trans. Math. Software 8: 43-71.

487



27th Seismic Research Review: Ground-Based Nuclear Explosion Monitoring Technologies

Pei, S., Y.J. Chen, D. Zhao, A. Yin, J. Ning and X.F. Chen (2005), Tomographic structure of East Asia: 1. No fast
(slab) anomalies beneath 660-km discontinuity, J. Geophys. Res., Submitted.

Richards, P., J. Armbruster, V. Burlacu, V. Cormier, M. Fisk, V. Khalturin, W.-Y. Kim, I. Morozov, E. Morzova, C.
Saikia, D. Schaff, A. Stroujkova, and F. Waldhauser (2003), Seismic location calibration for 30
International Monitoring System stations in eastern Asia: finite results, in Proceedings of the 25™ Seismic
Research Review- Nuclear Explosion Monitoring: Building the Knowledge Base, LA-UR-04-5801, Vol. 1,
pp- 280-290.

Ritzwoller, M. H., A.L. Levshin (1998), Eurasian surface wave tomography: group velocities, J. Geophys. Res., 103,
4839-4878.

Ritzwoller, M., N. Shapiro, A. Levshin, E. Bergman, and E.R. Engdahl (2003), The ability of a global 3-D model to
locate regional events, J. Geophy. Res. 108: 2353, ESE9-1-ESE9-24.

Shen, Y., and S.-H. Hung (2004), Ridge-like upwelling in the uppermost lower mantle beneath eastern Africa from
finite-frequency seismic tomography, Eos Trans. Am. Geophys. Union 85:47, U41A-0720.

Sun, Y., X. Li, S. Kuleli, D. Morgan, and N. Toksoz (2004) Adaptive moving window method for 3D P-velocity
tomography and its application in China, Bull. Seis.Soc. Am. 94: (2), 740-746.

Van der Hilst, R. D., E. R. Engdahl, W. Spakman, and G. Nolet (1991), Tomographic imaging of subducted
lithosphere below northwest Pacific island arcs, Nature, 353: 37-43.

Van der Hilst, R. D., Widiyantoro, S. and Engdahl. E.R. (1997), Evidence for deep mantle circulation from global
tomorgpahy Nature 386: 578-584.

VanDecar, J. C., and R. S. Crosson (1990), Determination of teleseismic relative phase arrival times using multi-
channel cross-correlation and least squares, Bull. Seism. Soc. Am. 80: 150-169.

Widiyantoro, S., and R. van der Hilst (1997), Mantle structure beneath Indonesia inferred from high-resolution
tomographic imaging, Geophys. J. Int. 130: 167—182.

Wu, F., and A. Levshin (1994), Surface wave tomography of east Asia, Phys. Earth Planet. Inter. 84: 59-78.

Xu, Y.G. (2001), Thermo-tectonic destruction of the archaean lithospheric keel beneath the Sino-Korean Craton in
China: Evidence, timing and mechanism. Phys. And Chem. of Earth Part A: Solid Earth and Geodesy, 26:
747-757.

Yang, X., [. Bondar, J. Bhattacharyya, M. Ritzwoller, N. Shapiro, M. Antolik, G. Ekstrom, H. Israelsson, and K.
McLaughlin (2004), Validation of regional and teleseismic travel time models by relocating ground truth
events, Bull. Seism. Soc. Am. 94: 897-919.

Zhao, D., Y. Fukao, and T. Seno (2000), A plume-like slow anomaly under the subducting Pacific slab beneath
central Japan, Eos Trans. Am. Geophys. Union 81:22, W137.

Zhao. Li., T. H. Jordan, and C. H. Chapman (2000), Three-dimensional Fréchet differential kernels for seismic delay
times, Geophys, J. Int. 141: 558-576.

Zhu, J., J. Can, X. Cai, Z. Yan and X. Cao (2002), High resolution surface wave tomography in east Asia and west
Pacific Marginal Sea, Chinese J. of Geophys. 45: 679_698.

488





