SCIENTIFIC OBJECTIVES FOR LEAP FROGGING ARRAYS 

Introduction

A full understanding of the dynamics of the deep earth requires global coverage of intermediate-scale (hundreds of kilometers) structure from upper mantle to core.  While the distribution of land seismographic stations achieves the required density in some regions only, the distribution of seismic stations is most sparse in the oceans.  Indeed, coverage in the oceans, currently confined to oceanic islands and just one permanent seafloor station (H2O), does not allow adequate determination of global structure at the longest wavelengths (thousands of kilometers).  Ocean coverage will improve considerably when the ~20-30 stations of the Ocean Seismic Network (OSN) and International Ocean Network (ION) are deployed. However, even when fully deployed, OSN/ION, with a station spacing of about 2,000 km, will not allow the resolution of intermediate-scale structure in the oceans.  Rather than wait for the deployment of permanent seafloor stations with OSN/ION station spacing or better, substantial progress toward the determination of intermediate-scale structure can be made in the immediate future by the temporary deployment of “leap-frogging” arrays of ocean-floor seismographic stations. As the name suggests, these arrays would, over time, be moved from region to region, and ultimately would occupy a large swath of the ocean floor.  

We envision operating simultaneously two arrays of 25 stations each that would each be deployed over an area of about 1000 x 1000 km.  A uniform distribution of stations, which may or may not be the preferred geometry, would then result in a spacing of 250 km.  Each array will consist of three-component buried broadband sensors capable of recording high quality data up to at least 100 sec period, as well as auxiliary instruments (long-period pressure sensors, current- meters) that will help remove correlated background noise from the seismic signals. The arrays will be deployed in each 1000 x 1000 km box for a period of one year.  This deployment time is a compromise between the need to record a sufficient number of high-quality events at a particular location and the need to provide as much coverage of the ocean floor as possible over the anticipated 10-year life of the OMD program.  While on scientific grounds alone, it might be argued that the initial deployment of the leapfrogging arrays should take place in the southern Ocean, we propose that the equatorial Pacific and central North Atlantic are two areas where much scientific progress could be made, and where weather and cruise logistics (availability of research vessels, relatively short transit times) would make deployment more manageable.  As discussed in detail below, the equatorial Pacific is a crucial area for the understanding of the dynamics underlying the Pacific Plate, and the central Atlantic is the optimum location on the globe to measure core phases.  

Fundamental Science Questions

The science questions that can be addressed by the deployment of two leapfrogging arrays over a 10-year period fall into two broad classes. One class of problems is focused on lithospheric and upper mantle structure beneath the array.  Another set of questions and scientific goals concerns the lower mantle and the core. These deeper targets may be best sampled in regions at substantial lateral distance from the array.  We have thus chosen to group these questions accordingly, roughly in order of increasing depth in the earth.

Thermal Structure And Dynamics Of Oceanic Lithosphere/Asthenosphere

To first order, many important predictions of plate tectonic theory have long been verified through seismological observations in the ocean, e.g. the thickening of the oceanic lithosphere with age as inferred from surface-wave dispersion data (e.g. Nishimura and Forsyth, 1989), and the alignment of the fast axis of azimuthal anisotropy perpendicular to the mid-ocean ridge system (e.g. Montagner and Tanimoto, 1991). However, some recent observations, mostly made possible by the increased quality of broadband seismic data collected on land in the last 10 years through the efforts of the Global Seismic Network, indicate significant and puzzling departures from the simple plate tectonic model.  This is particularly notable in the fast-spreading Pacific ocean. For example, the fast axis of azimuthal anisotropy changes direction significantly at some distance from the ridge in the central Pacific (Figure 2). This may somehow be related to secondary convection in the upper mantle [Montagner, 2002], which was proposed originally to explain the relatively high heat flow measured on old oceanic floor. The length-scale of this convection would be on the order of several hundred kilometers, and it is not clear even now whether the convection cells are aligned perpendicular or parallel to the ridge system. The thickening with age of the oceanic lithosphere is itself being questioned: it is not equally visible in Rayleigh and Love fundamental-mode surface-wave data, as the signal is complicated by the presence of significant transverse isotropy, with horizontally polarized S waves traveling faster than vertically polarized ones, in the central Pacific (e.g. Ekström and Dziewonski, 1998; figure 3).  Also, there appears to be significant variability in age-dependent thickening of the lithosphere from ocean to ocean, which may be related to differing spreading rates, but also to the available lateral resolution: for example, transverse isotropy anomaly is visible in the western Indian Ocean in some models (Montagner and Tanimoto, 1991) but not others (Ekström and Dziewonski, 1998).

On the other hand, current large-scale seismic models cannot resolve the deep structure of the numerous hotspots present across the oceans, fueling a vigorous debate on the origin of hotspots - are they shallow features, or do they originate in the lower or lowermost mantle?  While the Iceland hotspot has been the most intensely studied using local land-based network data, there is still no agreement as to whether the low-velocity, high-attenuation conduit leading to the surface expression of the hotspot extends down through the upper mantle and possibly deeper (Wolfe et al., 1997; Foulger et al., 2000). This is due to the limited aperture of the array, confined to Iceland only. Regional tomography of the Atlantic also indicates a correlation of low velocities with hotspot locations (Silveira and Stutzmann, 2002), but resolution is still poor, as the only data available are for long paths that span from continent to continent across the Atlantic. The SWELL experiment, a short-duration deployment of a small number of long-period pressure sensors detected low seismic velocities in the upper mantle associated with the Hawaiian Swell (Laske et al., 1999), but the aperture of that experiment was too small to determine the lateral and depth extent of the anomaly. 

More generally, the nature of the south Pacific "superswell", its concentration of hotspots, and its relation to mantle dynamics is yet poorly understood. Global seismic models indicate a correlation between hot spot locations and the velocity distribution at the base of the mantle at the longest wavelengths (degree 2 in particular, Hager et al., 1985), and it has been shown that such a correlation also exists with the attenuation structure in the transition zone (Romanowicz, 1994). More specifically, the low velocity structure at the base of the mantle beneath the south Pacific and African "superplume" regions (south Pacific and Africa) appears to extend vertically into the upper mantle, as seen from attenuation tomography (Romanowicz and Gung, 2002).  High attenuation, indicative of a high-temperature anomaly, can be traced in the uppermost mantle under the central Pacific, extending roughly over the region of strong transverse isotropy (Figure 4), and indicative of significant lateral flow in the asthenosphere. However, the resolution available from the global network data is again very poor, limited for attenuation to degrees 8 and lower (about 2500km).  Progress on all these questions requires finer resolution, as can be obtained through the installation of seismic stations with the geometry proposed for the leap-frogging arrays.

Structure and dynamics of the mantle transition zone

The layered structure of the oceans has long been known to be different from that of the continents. The 220 km Lehmann discontinuity does not appear to occur under the ocean basins (Revenaugh and Jordan, 1991; Gu et al., 2001), whereas the Gutenberg discontinuity, at shallower depth, marks a transition to lower seismic velocities under oceans (e.g. Revenaugh and Jordan, 1991). Refining these results and understanding their physical significance requires studies at regional scales, using array techniques to observe refracted and reflected waves interacting with these discontinuities, as well as deeper ones, such as the elusive 520 km discontinuity. Variations in the depth to the 400 and 660 km discontinuities have been documented on a global scale, as well as on a local scale in subduction zone regions. However, information is lacking at the intermediate scales necessary to further our understanding of the coupling between the lower and upper mantle in regions of upwellings that are preferentially located under the oceans. Finally, ocean basins are optimally located to conduct experiments aimed at confirming the possible presence of anisotropy at the base of the transition zone, critical for our understanding of the corresponding boundary layer - if it exists, and as tentatively documented in a small number of controversial studies (e.g. Vinnik et al., 1998).

Structure and dynamics of the lower mantle

The structure of the mid-lower mantle is poorly resolved in global seismic models. While downgoing slabs appear to penetrate to depths of at least 1000-1200 km under some subduction zones, their continuity at greater depths, and their relation to the ring of fast velocities around the Pacific Ocean observed in S tomographic models of the core-mantle boundary (sometimes referred to as the "slab graveyard") is presently tenuous and subject to questions regarding vertical resolution of the corresponding models. Seafloor observations might resolve this question. Likewise, some authors have detected seismic phases scattered from fast-velocity bodies that may represent remnant subducted slabs in the lower mantle (e.g. Kaneshima and Hellfrich, 199x), and, more generally, there is an indication that the lower mantle may contain widespread scatterers as seen from the analysis of precursors to core phases (e.g. Hedlin and Shearer, 2000). Again, resolution is presently limited by the sparse distribution of seismic stations in the oceans. Array studies in oceanic basins would also allow further searching for the chemically distinct, denser layer in the lower mantle proposed by Kellogg et al. (1999). The top boundary of this layer, which should be elevated under oceans, has so far been undetected by seismology.

The most intriguing part of the deep mantle remains the last 200-300 km near the core-mantle boundary (D" region). Evidence for significant and laterally complex anisotropy has been accumulating, particularly in the Pacific Ocean (e.g. Lay et al., 1998), but further characterization of this anisotropy is not possible with the present distribution of seismic stations: azimuthal coverage for S-diffracted waves is required in a specific distance range, attainable only through data collection on the ocean floor. Very strong and sharp transitions have been documented at the border of the African (e.g. Ni et al. 2002) and of the Pacific (Bréger and Romanowicz, 1998) superplumes (Figure 5), but the distribution of sources and stations results in observations being available only over very limited portions of the plumes. Array data from the south Atlantic, south Indian and central Pacific oceans would help understand the real scale of these features and their significance in the chemistry and dynamics of the lowermost mantle. Likewise, patches of ultra low velocity zones (ULVZ's) have been documented in various areas of the world, particularly in the west central Pacific (e.g. Garnero et al., 1998), and it has been suggested that they could mark the roots of hotspots. Yet, this evidence is circumstantial and these ideas need to be further tested by the deployment of seafloor stations that sample parts of the lower mantle inaccessible to land-based stations.

Structure of the Core

Inner core anisotropy was proposed 15 years ago to explain faster propagation of PKP phases on polar paths compared to equatorial paths, as well as anomalous splitting of core sensitive normal modes (Morelli et al., 1986; Woodhouse et al., 1986). Simple models of constant transverse isotropy can explain the data to first order.  However, as high quality broadband data have accumulated, a high level of complexity has emerged, with hemispherical variations in the trends of PKP travel times (e.g. Creager, 1999), as well as evidence for layering of anisotropy within the inner core (e.g. ). Very anomalous paths along the South Sandwich Island to Alaska corridor cannot be explained by any simple model of the inner core (Figure 6) and the inner core origin of these anomalies has been questioned (e.g. Bréger et al., 2000). These authors have argued that the uneven distribution of observations on polar paths combined with strong heterogeneity at the base of the mantle could contaminate our view of inner core structure. The possibility of lateral heterogeneity in the outer core has also been invoked (e.g. Ritzwoller et al., 1986; Romanowicz and Bréger, 2000), perhaps distributed as "sediments" in the immediate vicinity of the core-mantle boundary (e.g. Rost and Revenaugh, 2001). To further distinguish the relative contributions of core-mantle boundary structure, outer-core heterogeneity and inner-core anisotropy requires a much more uniform sampling of polar paths around the globe, which implies installing arrays of stations in and around Antarctica on the one hand, in the Arctic ocean on the other.
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Figure Captions

Figure 1. Coverage of the Pacific Ocean achieved with the current international land-based global broadband seismic network (including ocean bottom station H20). Circles of radius 10 degrees have been drawn around each existing site. Large areas in the central and south Pacific remain devoid of any nearby seismic station.

Figure 2. Geographical distribution of isotropic S velocity anomaly (Vs, top), anisotropic parameter  (middle;  >0 when VSH > VSV, indicative of transverse isotropy), and anisotropic parameters G and  g (bottom; azimuthal anisotropy) in the Pacific ocean, at a depth of 100 km. Triangles are locations of active hot-spots. From Montagner (2002).

Figure 3. Variations in polarization anisotropy (VSH-Vsv)/VSH in percent) at 150 km depth under the Pacific ocean, in the model of Ekström and Dziewonski (1998). Courtesy of Göran Ekström.

Figure 4. Bottom panel: Map views of attenuation model QRLW8 (Romanowicz and Gung, 2002) centered on the high attenuation peaks in the Pacific. Top panels: Depth cross-sections along profiles indicated in the bottom panels showing, for each profile (top to bottom), distribution of transverse anisotropy (VSH-Vsv)/VSH, attenuation in the upper-mantle, and VSH in the lower mantle. The upper mantle distributions are truncated at spherical harmonic degree 8, the lower mantle distributions are up to degree 24.  The location of the East Pacific Rise is indicated by the arrows. Note the position of the high attenuation regions in the transition zone above the lowermost mantle low velocity minima.  Zones of positive (VSH-Vsv)/VSH in the uppermost mantle (blue) correspond to zones where the high attenuation regions are shifted horizontally with respect to their transition zone location.  Adapted from Romanowicz and Gung (2002).

Figure 5. Map view (top) and depth cross-sections (middle and bottom) showing a sharp transition in the deep mantle from slow to fast S-velocity on the border of the Pacific "superplume". Green lines indicate ray paths of S, ScS and SKS waves. The model in the middle plot is obtained from global seismic tomography. The model in the top and bottom plots has been modified to improve fits to differential travel times of S-ScS and S-SKS. From Bréger et al. (2001).

Figure 6. Top: Differential PKP(BC)-PKP(DF) travel times as a function of angle  of the path in the inner core with respect to the earth's rotation axis, for a global dataset of hand-picked broadband and short period data. The most anomalous data correspond to paths between the S. Sandwich Islands and Alaska. Bottom: same dataset, separating contributions from the quasi-eastern and quasi-western hemispheres (from Tkalcic et al., 2002).

