GLOBAL MANTLE TOMOGRAPHY:

RECENT ACHIEVEMENTS AND FUTURE CHALLENGES

Barbara Romanowicz Seismological Laboratory, University of California, Berkeley Berkeley, CA, 94720

November 3, 2001

Abstract

We discuss the present status of global mantle tomography and distinguish two classes of models: the P velocity models based on large datasets of travel times from the International Seismological Centre bulletins, often referred to as ”high resolution” models, and the S velocity models based on a combination of surface wave and hand picked body wave travel times, or waveforms, referred to as ”long wavelength” models. We discuss their respective strengths and weaknesses and present the view that future improvements in resolution require the utilization of the rich information contained in complete broadband seismic waveforms. This is presently within our reach owing to theoretical progress as well as the increase in computational power in recent years.

Introduction

Global seismic tomography of the earth’s mantle is a powerful tool for the investigation of the dynamics of the earth’s interior. When combined with geodynamical simulations and mineral physics experiments that help in their interpretation, tomographic images allow us to address such outstanding questions as: What is the fate of lithospheric slabs as they descend into the deep mantle? What is the morphology and significance of rising plumes and in what regions of the mantle do they originate? Are there distinct geochemical reservoirs in the mantle? What is the scale and nature of heterogeneity in the boundary layer at the base of the mantle? Geophysicists are still debating these and other fundamental questions (e.g. Albarède and van der Hilst, 1999) while seismologists strive to improve the lateral and depth resolution of their tomographic models.

There has been much progress in seismic tomography since its introduction in the late 1970’s (e. g. Aki et al., 1977; Sengupta and Toksöz, 1977; Dziewonski et al., 1977). The first models were very smooth, resolving wavelengths on the order of 3000-4000 km through parametrizations in terms of spherical harmonics up to degree 6-8. They also focused separately on the lower mantle, using P wave travel time data (e.g. Dziewonski et al., 1977; Dziewonski, 1984) or on the upper mantle, based on surface wave dispersion data (e. g. Woodhouse and Dziewonski, 1984; Nataf et al., 1986; Montagner and Tanimoto, 1991). In parallel, many regional tomographic studies of the upper mantle were conducted, focusing either on subduction zones, which correspond to a favorable geometry for P travel time tomography (e.g. Kamiya et al., 1988; van der Hilst and Spakman, 1989) or oceanic areas largely inaccessible to body waves, but well sampled by surface waves (e.g. Montagner, 1986). A review of mantle tomography of the 1980’s can be found in Romanowicz (1991).

The last decade has seen a spectacular increase in the number of regions studied by tomographic methods. Also, global models now span the entire depth range of the mantle, and achieve lateral resolutions corresponding to wavelengths of less than 1000 km, and in some places, 500km. In addition to solving for volumetric heterogeneity, tomographers are also starting to address issues such as topography of upper mantle discontinuities (e.g. Gu et al., 2001). It is not the purpose of this paper to review these studies exhaustively, but rather to focus on the achievements and limitations of the present generation of global tomographic models and discuss the challenges for the future. We first discuss the two rather distinct classes of present global tomographic models: the so-called ”high resolution” models and ”long wavelength” models, their respective strengths and weaknesses, and then describe recent theoretical progress, and how this can help us move forward towards the next generation of waveform based, finer scale, global models.

”High resolution” models

Most P velocity models to date have been based on the extensive dataset of first arrival travel time picks provided over the last 30 years in the bulletins of the International Seismological Centre (ISC). In using this dataset, the large quantity of global data available (hundreds of thousands to millions of travel time picks) compensates for the absence of control of the user on the quality of individual picks. The tomographic mantle models thus derived (e.g. van der Hilst et al., 1997; Obaysashii and Fukao, 1997; Vasco and Johnson,

1998; Bijwaard et al., 1998; Obayashii and Fukao, 1997; Karason and van der Hilst, 2001) are parametrized in local basis functions, typically blocks of 3 to 5^o in latitude and longitude. They have provided us with sharp images of fast velocity slabs under the western Pacific and the Americas, and clarified the interaction of these slabs with the mantle transition zone, and in particular the 670 km discontinuity (Figure 1). It has been shown that some slabs lie flat and do not penetrate far into the lower mantle, while some others appear to continue to great depths (e.g. vander Hilst et al., 1997). Recently, Fukao et al. (2001) have suggested that the barrier to slab penetration into the lower mantle is not at the 670 km discontinuity but rather at the bottom of the transition zone as defined by Bullen (1963), around a depth of 1000 km. Other studies suggest that coherent structure related to slabs reaches at least 1700 km (van der Hilst and Karason, 1999).

Because of the particular distribution of sources (concentrated around subduction zones) and stations (mostly on continents), the first arrival travel time data provide good resolution under subduction zones, but lack coverage under the oceans, both in the upper mantle and in the lower mantle, even when secondary phases available from the ISC bulletins, are included (e.g. Vasco and Johnson, 1998; Figure 2). In order to improve resolution in the oceans, it is necessary to add other types of waves that are not available (or not as reliable) from the ISC bulletins. such as, for the lowermost mantle, PcP (e.g. Obayashi and Fukao, 1997), and Pdiff (Karason and vanderHilst, 2001). Still, many areas of the ocean (both spatially and in depth) remain unsampled or poorly resolved. Therefore these models tell us little about the low velocity regions in the mantle, which are preferentially located under the oceans.

From the theoretical point of view, these tomographic inversions are performed in the framework of ray theory, and the block inversions, which comprise a large number of parameters, employ iterative approximative techniques such as LSQR (e.g. Spakman and Nolet, 1988). It has been shown, however, that these approximations do not result in a strong bias in the tomographic models produced (e.g. Boschi and Dziewonski, 2000).

”Long wavelength” models

The second type of global tomographic models are primarily S velocity models (although some P models have also been derived with similar techniques and geometry, e.g. Masters et al., 2000). These models rely primarily on data collected by individual scientists from global databases of long period and broadband seismic waveforms collected by members of the Federation of Global Seismic Networks (FDSN). The data considered include normal mode spectral measurements (i.e. splitting functions, Giardini et al., 1988; Resovsky and Ritzwoller, 1999), which provide constraints on the longest wavelengths of lateral heterogeneity, and surface wave dispersion or waveform data, which provide sampling in the upper mantle, in particular across the oceans. To attain resolution in the lower mantle, travel times of S, SS, SSS, ScS, ScS_n, and SKS are generally measured using cross correlation techniques: thi includes differential travel times, as well absolute travel times, the latter measured by comparison with synthetic seismograms computed in spherically symmetric earth models, accounting for earth’s ellipticity. These inversions use a parametrization of the mantle in global basis functions in the horizontal dimension (spherical harmonics) and a polynomial or cubic spline representation in depth (e.g. Masters et al., 1996; Su et al., 1994; Grand et al., 1997; Liu and Dziewonski, 1998; Ritsema et al., 1999).

The theoretical framework is generally that of zeroth order asymptotic theory for normal modes and surface waves ( the ”Path Average Approximation”, PAVA, e.g. Woodhouse and Dziewonski, 1984), in which it is assumed that sensitivity is confined to the great circle path between the epicenter and the station, and, along this path, varies only with depth (1D kernels). For body waves, ray theory is assumed, an infinite frequency approximation in which the sensitivity of a given phase is confined to the infinitesimal ray path and is uniformely distributed along the ray.

Because of the sampling provided by surface waves and body waves included in the inversions, these models have the advantage of allowing good constraints on the longest wavelengths (i.e. the lowest spherical hamonic degrees) features of mantle heterogeneity at the global scale, and in particular better resolution in the oceans. Gradually refined since the mid-1980’s, at which time the maximum degree of spherical harmonics expansion was 6-8, models are now exhibiting details corresponding to spherical harmonics degree 24 or larger (i.e. spatial resolution of under 1000 km at the surface). They have revealed several distinctive and stable large scale features of mantle structure, which provide strong constraints on mantle circulation models. First, the spectrum of lateral heterogeneity varies with depth in the mantle. Dominated by low degrees (up to degree 8) in the uppermost mantle and by degree 2 in the transition zone (e.g. Li and Romanowicz, 1996), the spectrum becomes approximately white at midmantle depths, before changing again to a red character, dominated by degrees 2 and 3, in the lowermost ∼ 500 km of the mantle. The rms heterogeneity follows these changes, being strong in the topmost mantle, weak in the midmantle and increasing again at the base of the mantle (Figure 3). S velocity structure is correlated with tectonics in the first 200-300km of the upper mantle, with low velocities associated with mid-ocean ridges and back arcs, and fast velocities in continental shield and platform areas (Figure 4). S velocity gradually increases as a function of age in the oceans. In the transition zone (400-1200km), the patterns are most clearly dominated by fast velocities associated with subduction zones, while between 1200 and 2000 km it is more difficult to recognize any coherent patterns. Towards the bottom of the mantle, the structure becomes again more organized, and reveals two distinctive large low velocity regions, generally referred to as ”plumes”, under the central Pacific and under Africa. The central Pacific low velocity region is surrounded by a ring of fast velocities, commonly associated with fossil subduction (Figure 4).

All current models show many compatible features at long wavelength, even though details vary significantly from one to the other. Correlation between models is very strong at least up to degree 4 throughout the mantle.

When comparing these long wavelength models to the ”high-resolution” P models discussed previously, it is encouraging to note that, in most subduction zone areas, they are very compatible, the former providing a ”low-pass filtered” image of the latter, as recently illustrated by Fukao et al. (2001) (Figure 5). While the long wavelength models do not yet attain images in subduction zones that are as ”crisp” as those of high resolution P models, they, in turn, provide better resolution in regions of low velocity under the oceans, and in particular the two ”super-plume” regions in the lowermost mantle. While there are still many issues to be resolved regarding the nature and role of these plumes in the general mantle circulation, it is clear from a comparison of different models that they represent major features which rise high above the core-mantle boundary (CMB), possibly connecting with low velocity structures in the upper mantle (Figure 6).

The waveform approach: Towards improved global resolution

Most long wavelength tomographic models rely on phase and travel time data, and therefore are restricted to phases (especially for body waves) that are well separated on seismograms. Furthermore, the use of ray theory prevents the utilization of diffracted waves, whereas these phases provide critical sampling of the D” region immediately above the CMB. In order to more fully exploit information contained in the seismic wavefield, even at relatively long periods, full waveform inversion capabilities are required.

Methods have been designed for waveform inversion of surface waves, including higher mode wavepackets, such as the waveform partition inversion method of Nolet (1990). While suitable for surface waves, such methods however still rely on the high frequency PAVA approximation and are thus not appropriate for body waves.

Physical insight on what is needed to compute ”broadband” sensitivity kernels for body waves is obtained from the results of normal model perturbation theory. In the zeroth order approximation (PAVA), asymptotic coupling along a single mode branch provides the ability to distinguish heterogeneity located on the minor and major arc (odd degree heterogeneity, eg. Mochizuki, 1986; Romanowicz, 1987), but the corresponding kernels are 1D, i.e. they vary uniformely with depth along the entire source-station path (Figure 7). In order to reproduce the variation of sensitivity along the ray path, across-branch coupling needs to be included (Li and Tanimoto, 1993; Li and Romanowicz, 1995; Marquering and Snieder, 1995).

To zeroth order asymptotically, this brings out some key features of body wave broadband sensitivity kernels, namely that the sensitivity is concentrated along the ray, but is non negligible across some width depending on the frequency content of the waves considered, and also that it varies with position along the ray, being stronger near the source and receiver as well as around the location of surface bounce points and near the bottoming points of the ray (Figure 8).

To zeroth order in the asymptotic approximation, kernels are 2D, that is, only the effects of structure in the vertical plane containing the source and the receiver are taken into account. To obtain 3D kernels, which incorporate the effects of out of plane focusing effects, it is necessary to include higher order terms in the asymptotic expansions (e.g. Romanowicz, 1987), or to numerically compute integrals involving products of spherical harmonics. Such theoretical 3D kernels based on normal mode or ray theoretical approaches have been developed, resulting in ”banana doughnut” shaped kernels (e.g Zhao et al., 2000; Hung et al., 2000), but so far have not widely applied in global tomography, mostly because of their heavy computational needs.

In the past 6 years, we have developed and applied a non linear asymptotic normal mode approach (NACT, non-linear asymptotic coupling theory, Li and Romanowicz, 1995), in which we derive global tomographic S velocity models by inverting waveform data exclusively, using 2D asymptotic kernels as described above. While we do not yet account for off-great circle path propagation due to elastic effects, this approach allows us to implement a waveform inversion approach for both surface waves and body waves, and in particular, to include Sdiff and wavepackets containing contributions from several phases that sample the mantle very differently (such as ScS and SSS, Figure 8).

Another important feature of our approach is that we separate the seismogram into energy wavepackets that are weighted according to criteria based on sampling of the mantle as well as amplitude (Figure 8). This allows us, in particular, to emphasize wavepackets, such as Sdiff, (or the Sdiff/SnKS wavegroup in longitudinal component seismograms), which have good signal to noise ratio, but can be dwarfed by later arriving multiple S phases (or phases like PS,SP..) that typically have much larger amplitudes. We have shown that the wavepacket weighting is particularly important to improve resolution near the bottom of the mantle, whereas the more accurate 2D kernels (as compared to PAVA) are critical in the transition zone and mid-mantle (Figure 9; Mégnin and Romanowicz, 1998). Our global 3D SH mantle models thus derived (Li and Romanowicz, 1996; Mégnin and Romanowicz, 2000), and more recently SV models (Panning et al., 2000), open the way towards exploiting more fully the rich information contained in seismic waveforms for the purpose of global tomography. In particular, both elastic and anelastic structure can thus be retrieved (e.g. Gung et al., 2001).

Waveform inversions are non-linear, and at each iteration, involve the computation of synthetic seismograms in the updated 3D model. Whereas using approximate partial derivatives to minimize computational time may be sufficient, accurate 3D seismograms represent the key to progress in waveform tomography of the future. These may be computed using higher order normal mode theoretical approaches (Clévédé and Lognonné, 1996) or, alternatively, numerical methods, such as the recently developed spectral element method (e.g. Komatitsch and Vilotte, 1998; Komatitsch and Tromp, 1999; Capdeville et al., 2001), as our computational power rapidly improves.

Forward modelling: a complementary approach to tomography

Uneven spatial coverage, particularly at large depths in the mantle, combined with errors in the data and imperfections in the theory impose damping conditions in tomographic inversions that prevent accurate recovery of the amplitudes of lateral heterogeneity. Insight into both the strength of heterogeneity as well as the true length scales can be obtained through the use of forward modelling on specific well sampled ”corridors” through the mantle.

One such well sampled region, from the point of view of lower mantle structure, is the central Pacific ocean, which lies in a favorable geometry for paths between the highly seismic Fiji-Tonga subduction zone and north America, populated by numerous broadband stations at appropriate epicentral distances for the observation of diffracted waves interacting with the Pacific superplume. Forward modelling of S, Sdiff and ScS travel times (relative to reference phases such as SKS, in order to minimize contributions from upper mantle structure) has shown that existing tomographic models are able to successfully reproduce the observed trends of travel times (as referenced to a spherically symmetric model) with distance, but they fail to provide good estimates of the amplitudes of the variations observed (e.g. Bréger et al., 1998). In fact, the tomographic models underestimate these variations by a factor of two or three. By starting with a global tomographic model and keeping the shape of the anomalies approximately fixed, and simply modifying the amplitudes in specific subregions in and immediately above D”, it is possible to obtain a much better fit to the observed travel times (e.g. Bréger and Romanowicz, 1998). The resulting ”modified” models exhibit lateral variations in S velocity at the base of the mantle that reach on the order of 4-5% over distances of several hundred kilometers. There is an indication that, while the strongly reduced velocities associated with the superplume continue to large heights above the CMB (possibly 1000 km, Figure 10), this plume is characterized by a broad base which becomes narrower as it rises into the lower mantle (Bréger et al., 2001). Similar results have been found under Africa, in the region of the african superplume, along profiles made possible by the deployment of the temporary Tanzania PASSCAL array (e.g. Ritsema et al., 1998; Ni and Helmberger, 1999).

Other studies have shown evidence for complexity at the border of the two large ”superplumes” at the base of the mantle, such as the existence of ultra-low velocity zones (e.g. Garnero and Helmberger, 1996), or anisotropy (Vinnik et al., 1998; Russell et al., 1998).

Discussion and Conclusions

Current P tomographic models provide good insight into the variety of behaviors of subducted slabs as they descend into the lower mantle, even though it is still not clear whether any of them reach all the way to the core mantle boundary. On the other hand, S tomographic models provides constraints on the long wavelength structure as well as on the morphology of low velocity regions associated with rising currents. The current images of the latter are not as sharp as those of the subduction zones, because of the limited lateral resolution and possibly problems related to wavefront healing that hinder our abilities to ”see” low velocity regions. However, S tomographic models indicate that these plumes rise high above the core-mantle boundary and into the upper mantle, where they may connect laterally to the shallow low velocity zones associated with ridges (e.g. Mégnin and Romanowicz, 2000). Clarifying their importance in the global circulation will necessitate improved resolution under oceanic areas, as can be achieved through waveform tomography.

Waveform tomography will also help better address the issue of the relation between the variations of P and S velocity in the mantle (e.g. Robertson and Woodhouse, 1996; Masters et al., 2000). However, major efforts to instrument the ocean floor with long term broadband seismic observatories must also continue as vast areas of the globe, especially in the southern oceans remain poorly covered.

In addition, as discussed above, forward modelling of travel times indicates that large lateral variations of structure at the base of the mantle occur on lengths scales of a few hundred kilometers, at least in the vicinity of the two large ”superplumes”. Such strong variations, as well as those known to occur in the crust and uppermost mantle, have so far been beyond the reach of tomography, in particular due to the limitations of the theoretical framework employed: ray theory does not handle diffraction and frequency dependence, whereas normal mode perturbation theory requires weak and smooth lateral variations of structure. However, we are currently reaching a turning point in seismology, where beyond forward modelling of travel times, it is becoming practical to compute full synthetic seismograms in a global spherical earth, in as complex 3D structures as necessary, and to periods of interest (10 sec or less), using numerical methods (e.g. Komatitch and Tromp, 1999; Capdeville et al., 2001). These can provide valuable insights and better physical understanding on the interaction between heterogeneity and seismic wave propagation as expressed in observed waveforms and should lead to theoretical improvements that will enable us to take into account the key effects at relatively low computational costs.

Clearly, the full level of understanding of the complexity of structure in the earth’s mantle and in particular at its base, will only be achieved by a combination of precise forward modelling and tomographic inversion approaches, and sustained efforts in global observations.

Acknowledgements

The author wishes to thank Y. Fukao, D. Vasco and R. van der Hilst for allowing her to include figures from their work in this paper. She also thanks Y. C. Gung, and Y. Gu for helping with figure preparation.

References Aki, K., A. Christofferson and E. Husebye, Determination of the three-dimensional structure of the lithosphere, J. Geophys. Res, 82, 277-296, 1977.

Albard̀e, F. and R. D. van der Hilst, New mantle convection model may reconcile conflicting evidence, EOS Trans AGU, 80, 535-539, 1999.

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

Boschi, L. and A. M. Dziewonski, High and low-resolution images of the Earth’s mantle:

implications of different approaches to tomographic modeling, J. Geophys. Res., 104, 25,567-25,594, 1999.

Bréger, L. and B. Romanowicz, Thermal and chemical 3D heterogeneity in D”, Science, 282, 718-720, 1998.

Bréger, L., B. Romanowicz and L. Vinnik, Tests of tomographic models in D” using differential travel times, Geophys. Res. Lett., 25, 5-8, 1998.

Bullen, K., Introduction to the theory of seismology, 381 pp., Cambridge Univ. Press., New York, 1963.

Capdeville, Y., E. Chaljub, J. P. Vilotte and J. P. Montagner, Coupling the Spectral Element Method with a modal solution for Elastic Wave Propagation in Global Earth Models, submitted to Geophys. J. Int, 2001 Clévédé, E. and Ph. Lognonné, Fréchet derivatives of coupled seismograms with respect to an anelastic rotating earth, Geophys. J. Int., 124, 456-482, 1996.

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

Dziewonski, A. M., B. H. Hager and R. J. O’Connell, Large scale heterogeneities in the lower mantle, J. Geophys. Res., 82, 239-255, 1977.

Fukao, Y., S. Widiyantoro and M. Obayashi, Stagnant slabs in the upper and lower mantle transition region, Rev. of Geophys., 39, 291-323, 2001.

Giardini, D., X.-D. Li and J.H. Woodhouse, Splitting functions of long-period normal modes of the Earth, J. Geophys. Res., 93, 13716-42, 1988.

Garnero, E. J. and Helmberger, D. V., Seismic detection of a thin laterally varying boundary layer at the base of the mantle beneath the central-pacific, Geophys. Res. Lett., 23, 977-980, 1996.

Grand, S., R. van der Hilst and S. Widiyantoro (1997) Global seismic tomography: a snapshot of convection in the Earth, GSA Today, 7, 4, 1-7.

Gung, Y. C., B. Romanowicz and S. Karato, 3D upper mantle Q structure from waveform inversion and its interpretation, EOS Trans AGU, Fall’01 meeting abstract, 2001.

Gu, Y. J., A.. M. Dziewonski, W.-J. Su, and G. Ekstrm, Models of the mantle shear velocity and discontinuities in the pattern of lateral heterogeneities, J. Geophys. Res., 106 , 11169-11199, 2001.

Hung, S. -H. , F. A. Dahlen and G. Nolet, Fréchet kernels for finite-frequency travel times - II. Examples, Geophys. J. Int., 141, 175-203, 2000.

Kamiya, S., T. Miyatake, and K. Hirahara, How deep can we see the high-velocity anomalies beneath the Japan Islands?, Geophys. Res. Lett, 15, 828-831, 1988.

Karason, H. and R. vander Hilst, Improving global tomography models of P-wavespeed I: incorporation of differential travel times for refracted and diffracted core phases (PKP,Pdiff), J. Geophys. Res, 106, 6569-6587, 2001.

Komatitsch, D. and J. P. Vilotte, The spectral element method: an effective tool to simulate the seismic response of 2D and 3D geological structures, Bull. Seism. Soc. Am., 88, 368-392, 1998.

Komatitsch, D. and J. Tromp, Introduction to the spectral element method for threedimensional seismic wave propagation, Geophys. J. Int., 139, 806-822, 1999.

Li, X. D. and T. Tanimoto, Waveforms of long period body waves in a slightly aspherical earth, Geophys. J. Int.,112, 92-112, 1993.

Li, X-D and B. Romanowicz, Comparison of global waveform inversions with and without considering cross branch coupling, Geophys. J. Int., 121, 695-709, 1995.

Li, X.D. and B. Romanowicz, Global mantle shear velocity model developed using nonlinear asymptotic coupling theory, J. Geophys. Res., 101, 22,245-22,273, 1996.

Liu, X.-F., W.-J. Su, and A. M. Dziewonski, Improved resolution of the lowermost mantle shear wave velocity structure obtained using SKS-S data (abstract), Eos. Trans. AGU,,75, 232, 1994.

Liu, X. F. and A.M. Dziewonski, Global analysis of shear wave velocity anomalies in the lowermost mantle, in The core-mantle boundary region, Geodyn. ser. vol. 28, edited by M. Gurnis et al., pp 21-36, AGU, WAshington, D.C., 1998.

Marquering, H. and R. Snieder, Surface-wave mode coupling for efficient forward modelling and inversion of body wave phases, Geophys. J. Int., 120, 186-208, 1995.

Masters G., Johnson, S., Laske, G. and Bolton, B., 1996. A shear-velocity model of the mantle, Philos. Trans. R. Soc. Lond. A, 354, 1,385-1,411.

Masters G., Bolton, H. and Laske, G., Joint Seismic Tomography for P and S Velocities:

How Pervasive are Chemical Anomalies in the Mantle? EOS Trans. AGU, 80, S14, 1999. Masters G., , G. Laske, H. Bolton and A. Dziewonski, The relative behavior of shear velocity, bulk sound speed, and compressional velocity in the mantle: implications for chemical and thermal structure, in Earth’s deep Interio: mineral physics and tomography from the Atomic to the Global Scale, Geophys. Monogr. Ser., 117, S. Karato et al., Eds, AGU, Washington, D.C., 63-87, 2000.

Mégnin, C. and B. Romanowicz, The effect of theoretical formalism and data selection scheme on mantle models derived from waveform tomography, Geophys. J. Inter., 138, 366-380, 1998.

Mégnin, C. and B. Romanowicz, The 3D shear velocity structure of the mantle from the inversion of body, surface and higher mode waveforms, Geophys. J. Inter., 143, 709-728, 2000.

Mochizuki, E., Free oscillations and surface waves in an aspherical earth, Geophys. Res.

Lett., 13, 1478-1481, 1986.

Montagner, J. P., Regional three-dimensional structures using long-period surface waves, Ann. Geophys., 4, 283-294, 1986.

Montagner, J. P. and T. Tanimoto, Global upper mantle tomography of seismic velocities and anisotropy, J. Geophys. Res., 96, 20,337-20,351, 1991.

Nataf, H. C., I. Nakanishi and D. L. Anderson, Measurements of matle wave velocities and inversion for lateral heterogeneities and anisotropy, Part III: Inversion, J. Geophys, Res., 91, 7261-7307, 1986.

Ni, S. and D. V. Helmberger, Low-velocity structure beneath Africa from forward modeling, Earth Planet. Sci. Lett., 170, 497-507, 1999.

Nolet, G., Partitioned waveform inversion and two-dimensional structure under the network of autonomously recording seismographs, J. Geophys. Res., 95, 8499-8512, 1990.

Obayashi, M. and Y. Fukao, P and PcP travel time tomography for the core-mantle boundary, J. Geophys. Res., 102, 17,825-17,841, 1997.

Obayashi, M., T. Sakurai, and Y. Fukao, Comparison of recent tomographic models (abstract), in International Symposium on New Images of the Earth’s Interior Through Long-Term Ocean-Floor Observations, edited by K. Suyehiro, p. 29, Earthquake Res. Inst., Univ. of Tokyo, Tokyo, 1997.

Panning, M. and B. Romanowicz, Constructing a P-SV body waveform dataset for global mantle tomography, EOS Trans AGU, bf 81, F829, 2000.

Resovsky, J. S. and M. H. Ritzwoller, A degree 8 mantle shear velocity model from normal mode observations below 3 mHz, J. Geophys. Res., 104, 993-1014, 1999.

Ritsema, J., S. Ni , D. V. Helmberger, and H.P. Crotwell, Evidence for strong shear velocity reductions and velocity gradients in the lower mantle beneath Africa, Geophys. Res. Lett., 25, 4245-4248, 1998.

Ritsema, J. , H. van Heijst and J. Woodhouse, Complex shear wavew velocity structure imaged beneath Africa and Iceland, Science,286, 1925-1928, 1999.

Robertson, G. S. and J. H. Woodhouse, Ratio of relative S to P velocity heterogeneity in the lower mantle, J. Geophys. Res.,, 101, 20,041, 20,052, 1996.

Romanowicz, B., Multiplet-multiplet coupling due to lateral heterogeneity: asymptotic effects on the amplitude and frequency of the Earth’s normal modes, Geophys. J. R. Astr. Soc., 90, 75-100, 1987.

Romanowicz, B., Seismic tomography of the earth’s mantle, Annu. Rev. Earth Planet. Sci., 19, 77-99, 1991.

Russell, S.A., T. Lay, and E.J. Garnero, Seismic evidence for small-scale dynamics in the lowermost mantle at the root of the Hawaiian hotspot, Nature, 396, 255-258, 1998.

Sengupta, M. K. and M. N. Toksöz, Three-dimensional model of seismic velocity variation in the earth’s mantle, Geophys. Res. Lett., 3, 84-86, 1977.

Spakman, W. and G. Nolet, Imaging algorithns, accuracy and resolution in delay time tomography, in Mathematical Geophsyics: A Survey of Recent Developments in Seismology and Geodynamics, edited by N. J. Vlaar, pp 155-188, D. Reidel, Norwell, Mass., 1988.

Su, W.-J. , R. L. Woodward and A. M. Dziewonski (1994) Degree 12 model of shear velocity heterogeneity in the mantle,J. Geophys. Res., 99, 4945-4980.

van der Hilst, R., and W. Spakman, Importance of the reference model in linearized tomography and images of the subduction below the Caribbean plate, Geophys. Res. Lett., 16, 1093-1096, 1989.

van der Hilst, R. and H. Karason, Compositional heterogeneity in the bottom 1000 kilometers of Earth’s mantle: towards a hybrid convection model, Science, 283, 1885-1888, 1999.

van der Hilst, R., S. Widiyantoro and E. Engdahl, Evidence for deep mantle circulation from global tomography, Nature, 386, 578-584, 1997.

Vasco, D. and L. Johnson, Whole Earth structure estimated from seismic arrival times, J.

Geophys. Res., 103, 2633-2671, 1998.

Vinnik, L., L. Bréger and B. Romanowicz, Anisotropic structures at the base of the mantle, Nature, 393, 564-567, 1998.

Woodhouse, J.H. and A.M. Dziewonski, Mapping the upper mantle: three-dimensional modeling of Earth structure by inversion of seismic waveforms, J. Geophys. Res., 89, 5953-86, 1984.

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

Figure Captions

Figure 1. Examples of depth cross sections in several subduction zone areas showing fast anomalies associated with subducted slabs as revealed by P travel time tomography using ISC data (from Karason and vanderHilst, 2000)

Figure 2. Examples of coverage obtained at different depths in the mantle using compressional wave phases from the ISC, for the time period 1964-1987 (Vasco and Johnson, 1998). The phases included are P, PP, PKPab, PKPbc, PKPdf.

Figure 3. Comparison of rms S velocity variation with depth for four recent global tomographic models of the mantle: SAW24B16 (Mégnin and Romanowicz, 2000); SB4L18 (Masters et al., 1999); S362D1 (Gu et al., 2001); S20RTS (Ritsema et al., 1999).

Figure 4. Comparison of maps of lateral variations in S velocity at 3 sample depths in the upper, mid and lowermost mantle, for the same four recent models as shown in Figure 3.

Figure 5. Maps of the subduction zone areas around Japan at different depths in the transition zone showing lateral variations in velocity obtained in a ”high resolution” P velocity model (top, WEPP2, Obayashi et al., 1997) compared to those obtained in a ”long wavelength S model (bottom, SAW12D, Li and Romanowicz, 1996).

Figure 6. Comparison of cross-sections across the african ”superplume” for the four S velocity models discussed in Figures 4 and 5.

Figure 7. Comparison of sensitivity kernels for SS (left) and Sdiff (right), using the surface wave PAVA approximation (Top) and the NACT approximation (bottom) (e.g. Li and Romanowicz, 1995).

Figure 8. Illustration of wavepacket selection procedure. (a) Low-pass filtered (f < 1/32Hz) transverse seismogram of 01/19/1988 Chile earthquake recorded at GEOSCOPE station CAN. (b) Low-pass filtered (f < 1/32Hz) longitudinal seismogram of 12/03/1983 Chagos Archipelago earthquake recorded at GDSN station KONO. In both cases, top trace is the observed seismogram and bottom trace is the synthetic seismogram calculated for the spherical reference model PREM (Dziewonski and Anderson, 1981). Only the waveforms within the indicated windows are used in the inversions. Although the identification of seismic phases is not required in the inversion, major seismic phases are labelled for reference. Note the energy wavepackets which contain more than one phase with different sampling in the mantle.

Figure 9. Correlation as a function of depth of a model obtained using NACT theory and a wavepacket weighting scheme with several other models obtained: using NACT but no wavepacket weighting (solid line, 1), versus using PAVA theory and wavepacket weighting (dashed line, 2) or no wavepacket weighting (dotted line, 3). From (Mégnin and Romanowicz, 1998).

Figure 100. Top: map view of S-velocity heterogeneity in the Pacific at a depth of 2800 km for a modified mantle model that explains S-SKS and S-ScS travel time residuals along paths from Fiji-Tonga to North America. A sample path is indicated in green. Middle and bottom: Depth cross-section along the path shown in top plot for the original tomographic model (SKS12, Liu et al., 1994) and the modified model (bottom). Sample ray paths of S,ScS, Sdiff and SKS are shown in green (from Bréger et al., 2001).