Chaprter 2A (originally Chapter 7)

Solid Earth Applications of Deep-Ocean Gravity and Bathymetry

7.1 Introduction


Bathymetry is the most fundamental geophysical observation used to study the origin and evolution of the sea floor.  Because of the scarcity of ship track measurements, the global coverage of satellite altimetry has been immensely useful in expanding our knowledge of the oceans.  Satellite altimetry has facilitated systematic studies of the mid-ocean ridge system, mapping of plate tectonic fabric such as abandoned spreading centers, pseudo-faults, failed rifts, and paleo-microplates, and the detection and characterization of the global seamount distribution.


For many studies, in particular those seeking to understand the dynamics driving the evolution of spreading centers, both actual bathymetry measurements as well as gravity observations are required so that the admittance spectrum may be calculated.  However, studies of plate tectonic reorganizations and seamounts distributions are primarily concerned with geometry which can be assessed directly with the raw altimetry data; predicting the bathymetry may not be required as the vertical gravity gradients estimated directly from the altimetry data best resolve the short-wavelength features associated with the processes of interest.


Existing altimetry data from the Geosat and ERS-1 missions have revealed the first-order structure of plate tectonics, and provided fundamental information regarding the distribution of undersea volcanoes in the ocean basins.  Further advances in plate tectonics and seamount studies will occur at and beyond the threshold of the present resolution, and therefore a major improvement in resolution and precision will be required in order to make dramatic advances in our understanding of plate tectonic and volcanic processes.  Furthermore, higher quality data will have enough resolution to begin addressing geophysical problems currently beyond the resolution of existing altimetry data.

7.2 Mid-ocean ridges

Mid-ocean ridges provide a crucial window into the dynamics of the Earths interior, allowing us to glimpse the interplay between surface tectonics and convection in the mantle. Oceanic crustal material is generated during melting of the mantle as it rises beneath a spreading center. The amount of crust produced varies both along the mid-ocean ridge system and throughout time at a given spreading segment. This variation is visible in the gravity field because basaltic crust is less dense that the underlying mantle peridotite; thick crust corresponds to a relative low in the gravity anomaly map if mantle densities are constant in the area. Such end-member models of the crustal production along the ridge system, and through time, provide a basis for developing hypotheses about mantle processes and chemical/mass exchange between the deep Earth and the surface plates. 

Mid-ocean ridges occur where oceanic crust is created as two tectonic plates rift and spread apart. Heat and buoyancy generated by upwelling,  melting mantle rock supports a broad ridge. The crest of the rise has an average depth of about 2500 m and the seafloor deepens away from the center of spreading at a rate that is proportional to the age of the plate. This increase in depth occurs more rapidly with distance off axis at slow spreading centers, such as in the Atlantic, than where the plates spread apart at a fast rate, such as along the East Pacific Rise. At an age of ~70 Myr, 100-'s-1000's of km from the ridge axis, plate cooling away from the ridge has slowed to the extent that other deep Earth processes also contribute to the depth at which oceanic crust is in equilibrium so abyssal depths level off. 

The formation of oceanic crust takes place through a combination of magmatism and tectonic rifting or faulting. On geologic time scales these processes are continuous but in detail they occur episodically, resulting in mid-ocean ridge morphology that is variable around the globe. Vertical forces associated with volcanism and faulting control the development of seafloor topography on young crust and their magnitude depends on the balance between the supply of basaltic melt and stretching of the crust at the spreading axis. At slow spreading mid-ocean ridges, magmatism is infrequent and a 0.5-2 km deep valley usually forms within a 15-20 km wide zone along the axis of spreading. The depth of this median valley varies along the axial zone and is typically greatest where the ridge is offset, by a transform fault for example. The basins at such ridge-transform intersections are 300-1500 m deeper than the center of a section of ridge axis that lies between two offsets (a ridge 'segment'). At fast spreading centers, magma supply is greater and a narrow (1-5 km) axial high rises about 500 m above the broad ridge. Along strike variations in axial depth are again associated with offsets in the ridge but deepening is less dramatic than along slow spreading systems. This reflects both the smaller amplitude of depth variation (200-500 m) and the greater spacing of offsets, corresponding to longer ridge segments.
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Spreading centers in every ocean basin are characterized by offsets in the trend of their axis. The largest offsets occur where the end of one ridge segment is displaced 10's-100's km from the next (adjacent) ridge segment along a narrow, linear fault. Crust formed at the first ridge segment slips past crust that formed at the next ridge segment, the relative motion confined to the narrow 'transform fault' which defines the plate boundary within the offset. The transform fault occurs within a 0.5-2 km deep, 5-10 km wide valley that parallels the direction of plate motion. A fracture zone valley marks the continuation of the transform fault where deformed crust is rafted beyond the axis of the next segment and further down the flank by ongoing plate spreading. Since the age of the plate differs from one side of the fracture zone to the other, a distinct step in the average seafloor depth characterizes the valley walls. Fracture zones are continuous for 1000's of kms, although their trend may vary somewhat along the length. This indicates that offsets in the axis of rifting are a fundamental aspect of the plate spreading process- they develop early in the life of a spreading center and transform faults can persist throughout the formation of an ocean basin.

Smaller offsets produce steps in the ridge axis of 1~20 km and crust within the zone between the displaced segments is disrupted by tectonic activity. Young oceanic crust within these discontinuities must accommodate forces of various orientations (ie. not necessarily parallel or perpendicular to the spreading center). Ridge segments may overlap across the discontinuities and/or a lozenge-shaped basin may separate the ends of the adjacent spreading axes. Ridge segments that are bounded by overlapping spreading centers or non-transform offsets tend to change their lengths over time so the traces of discontinuities on the flanks of mid-ocean ridges have variable trends and outlines. The traces are generally deeper than the surrounding seafloor and they may exhibit greater local relief. 

The cause of ridge segmentation remains the subject of scientific debate. Is it due to geologic structure that existed in the region of initial rifting and whose boundaries determined the geometry of break up and spreading center development? Or, are there lengths scales inherent in mantle convection that determine a relationship between the spacing of focused upwelling centered within ridge segments and the segmentation pattern observed on the seafloor? Numerical and analytical models have suggested that the latter could address the observed relationship between average segment lengths and spreading rate.

Complex tectonics near the intersections of spreading segments and offsets can generate extreme relief, commonly asymmetric about the ridge axis. Shallow, domal massifs 15-25 km across develop most often on the ‘inside corner’ crust (where new plate is bounded on one side by a spreading axis and on an adjacent side by a transform fault at right angle, for example). These features are dynamically maintained by the strengthening, cooling plate so their excess topography is rafted off axis over time.  These shoals accent the edge of fracture zone valleys or the traces of non-transform offsets. In addition, more continuous ‘transverse ridges’ can develop along the edge of fracture zone valleys, reflecting compressional deformation associate with minor changes in the direction of plate motion. Similar to the domal massifs, the relief of transverse ridges can be extreme with valley depths of 5 km juxtaposed to ridge summits having depths of just a few hundred meters. 

7.3 Plate tectonics reconstructions
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7.4 Seamounts


The submarine landscape is littered with circular or elliptical volcanic constructions known as seamounts.  As only a very small fraction of these volcanoes break the sea surface and form islands, our knowledge of seamount distributions comes primarily from satellite altimetry [e.g., Craig and Sandwell, 1987; Wessel, 1997].  Seamounts are ubiquitous undersea volcanoes and are believed to form in two separate tectonic environments.  Numerous seamounts, in particular the smaller ones, form near a mid-ocean ridge and may be considered by-products of volcanic processes at divergent plate boundaries most likely related to excess magma supply [Batiza and Vonko, 1983; Lonsdale, 1983; Fornari et al., 1984].  In contrast, the other large group of seamounts, which typically includes the larger seamounts, is believed to be formed over mantle plumes at so-called hotspots. Of these, many seamounts form linear chains that may reflect a plate’s motion over a quasi-stationary heat source such as a mantle plume [Wilson, 1963; Morgan, 1971].  It has been estimated that there may be as many as 100,000 seamounts on the ocean floor with heights exceeding 1 km [Wessel, 2001] (Figure 7-X).  Combined, these undersea volcanic features represent a significant fraction of the volcanic extrusive budget (perhaps as much as 10-20%) and their distribution give vital information of spatial and temporal variations in intraplate volcanic activity.  Seamounts also act as obstacles to water currents and thus enhance tidal dissipation.  Finally, seamounts sustain important ecological communities and determine habitats for fish. Complete mapping of the world’s seamounts thus has important ramifications for marine geophysics, physical oceanography, and marine ecology.
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Fig. 7-X.  Frequency-size distribution of global seamounts based on 14,639 seamounts characterized in Geosat/ERS-1 altimetry.


As Figure 7-X indicates, the power law relation between seamount height and frequency breaks down for sizes < 2 km.  It is believed that this tapering is predominantly a consequence of lack of resolution in the altimetry data at short wavelengths, but may also reflects shortcomings of the methodology used to isolate individual seamounts [Wessel, 2001].  Combined, these realities lead to a progressive underestimation of the actual seamount count for small sizes, hence the above estimate of 50,000-100,000 seamounts is based on an extrapolation of the empirical trend for larger seamounts (based on ~15,000 identified seamounts with heights in the 2-7 km range) down to the 1 km mark.  Should a new altimeter data set with higher spatial resolution and a factor of 4-5 better internal precision become available, we estimate that all seamounts larger than about 1 km in height will be clearly resolved.  Depending on water depth, even smaller seamounts may be fully characterized.  While detecting much smaller seamounts (say 500+ m heights) may be possible, it will be challenging to characterize them individually as the gravimetric signature from such features may be nearly indistinguishable from the background of abyssal hill roughness, except in areas of particularly smooth sea floor such as on the flanks of the East Pacific Rise.  The global distribution of seamounts detected in the satellite altimetry data will complement statistics derived from multibeam bathymetry over much smaller regions of the sea floor [e.g., Jordan et al, 1983; Smith and Jordan, 1988], eventually allowing a complete statistical description of the seamount distribution over a height range spanning two orders of magnitude.  


Because the distribution of seamounts follows an exponential or power law trend, improvements in our knowledge of the distribution of smaller seamounts have significant implications for statements regarding volumes of intraplate volcanism and the effects of seamounts on internal tides and mixing.  Small seamounts may also provide important information regarding both relative and absolute plate motions [Clague et al, 2000], and can help constrain the optimal locations of hotspots [Wessel and Kroenke, 1997].

7.5 Trench/outer rise
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7.6 Other small-scale features

Numerous non-seamount, non-abyssal-hill bathymetric highs (kms to tens of km in width) are also scattered across the seafloor, predominantly along active and fossil plate boundaries.  These features (ridges, domes, blocks, etc.) form by a variety of different mechanisms: (1) extension at oceanic rifting sites may unroof and serpentinze deep-seated mantle material, which rises buoyantly [Wiggins et al., 1996], or block fault and tilt stretched pre-existing lithosphere [Martinez et al., 1991]; (2) the flanks of unloaded rift margins may be flexurally uplifted [Weissel and Karner, 1989]; (3) transforms undergoing extension may produce asymmetric, flexurally-induced “transverse ridges” and thinned crust [Pockalny et al, 1996], but may also build volcanic ridges within the transform valley [Lonsdale, 1994]; (4) compression along transforms may lead to crustal shortening and uplift of median ridges [Pockalny et al, 1997]; (5) non-hotspot-related linear volcanic constructs, such as the Puka Puka ridge and the Rano Rahi volcanic field in the S. Pacific, may indicate regions where tensile stress and abundant melt supply drive off-axis volcanism [Hieronymus and Bercovici, 2000].  Where such features have been mapped by multibeam sonars, the residual gravity field (satellite altimetry data with effects of bathymetry accounted for) can be used to constrain subseafloor density variations, and infer structure and formation mechanism.  Oceanic meteorite impacts, such as that of the Pliocene Eltanin asteroid in the S. Pacific [Gersonde et al., 1997], while perhaps not leaving a clear bathymetric signature, may produce gravity “bull’s-eyes” in the impact-altered uppermost crust and overlying sediments.

In addition, larger seamounts and island chains may have small-scale density variations apparent in satellite altimetry.  The active, hotspot-derived volcanoes of the Hawaiian-Emperor Seamount Chain are sufficiently large and vigorous enough to have established discreet plumbing systems within their interiors.  Melts feeding the volcanoes reside temporarily in near-summit reservoirs 2-3 km below the surface and may be funneled radially into narrow rift zones, where they are emplaced as intrusive dikes or extrusive flows [Tilling and Dvorak, 1993]. Analysis of subaerial gravity anomalies by Kauahikaua et al. [2000] indicates that the volcano summits and rift zones are underlain by dense material, inferred to be the intrusive dikes and hot olivines cumulates, which may act to destablilize the volcanic flanks [Clague and Denlinger, 1994].  The mobility of these flanks presents significant hazard to local residents, as well as coastal populations around the Pacific basin, and may be dependent upon the extent of the dike and cumulate complexes.  These dense complexes extend offshore and should be resolvable in the short-wavelength residual gravity field.

Modern shipboard gravimeters, which sample every 10 seconds, filtered to every minute (~.5 km), can resolve the gravity spectrum down to its physical limit (10-15 km in the deep ocean), but are limited to measuring along ship track (1-D profile unless numerous, dense track lines are acquired).  Satellite-derived gravity has the distinct advantage of complete spatial coverage, though the current altimetry data set [Sandwell and Smith, 1997] cannot resolve wavelengths below ~25 km.  A new, dedicated altimetry mission that can resolve the short-wavelength deep-ocean gravity field can help constrain the location, extent and formation mechanism for many of these small-scale geologic features.
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[Barry Eakins on submarine rift zones, perhaps a sentence or two on meteorite impacts and volcanic ridges]

Linear volcanic ridges, such as the Puka-Puka ridges discovered by Sandwell et al. [1995], are currently at the threshold of resolution of the existing data.  However, such linear ridges may be indicative of stress changes in the plate as well as evidence of decompressional melting away from mid-ocean spreading centers.  High-resolution data would allow systematic mapping of such features to be undertaken which would complement the distribution of seamounts discussed above.
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