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Chapter 2.

Characterization and Causes of Seafloor Roughness

Authors: Goff, Smith, Orcutt, Blackman, Massell
2.1 Introduction (Goff)

The roughness of the seafloor is an amalgamation of a variety of geomorphic elements, each with its own characteristic shapes, range of scales, and spatial distribution.  These include (but are not limited to) mid ocean ridges, abyssal hills, seamounts, fracture zones and discontinuities.  It is a mistake to view the seafloor in simple fractal terms – that is, where larger features can be seen as rescaled versions of smaller features.  While such relationships may hold true for individual elements, it is certainly not true of the seafloor as a whole: seamounts are not larger versions of abyssal hills; mid ocean ridges in no way resemble fracture zones.  To understand and quantify seafloor roughness, each of these elements must first be understood and quantified, and then pieced together to form the whole.

Satellite altimetry data, particularly at the higher resolutions advocated here, should provide adequate characterization of the larger scaled seafloor elements – including mid ocean ridges, fracture zones, major discontinuities, and the larger seamounts.  However, even at its highest possible resolution, altimetry data will never be able to resolve all scales of seafloor roughness that are important for ocean mixing studies.  Nevertheless, our understanding of the geomorphic elements of the seafloor should allow us to infer smaller scale roughness from altimetric constraints on larger scale roughness.  Statistical characterizations are particularly helpful.  For example, abyssal hills obey fractal representations below an outer scale (Goff and Jordan, 1988).  If the altimetric resolution is sufficient to define that outer scale, fractal extrapolation can be used to statistically characterize seafloor roughness at smaller scales.  Likewise, seamount frequency/size distributions often obey exponential behavior (Smith and Jordan, 1988).  In any given area, the size distribution of larger, altimetry-derived seamounts can be used to estimate the numbers of smaller seamounts in any given size range, and thus the contribution of seamounts to total seafloor roughness.  In addition, it may be possible to empirically correlate the smaller-scaled texture of altimetry data with the roughness characteristics of the seafloor in areas where multibeam bathymetry exist.  Improved resolution altimetry data will greatly facilitate all such efforts.

2.2 Geomorphic structures – origins and scales


2.2.1 Mid-ocean ridges (Blackman)


2.2.2 Abyssal Hills (Goff)

Section 2.3a Abyssal Hill Statistics

Abyssal hills are perhaps the most pervasive landform an Earth.  They are formed primarily through a complex combination of tectonic (surface faulting) and constructional (volcanic) processes which occur at or near mid ocean ridges (MORs), and transferred across the deep ocean basins by plate tectonics.  With time, they are degraded by mass wasting and pelagic sedimentation.  As products of their environment, we expect the morphology of abyssal hills to be sensitive indicators of their formative processes.  This has been born out by many studies (e.g., Menard, 1967; Malinverno, 1991; Goff, 1991; 1992; Goff et al., 1993; 1995; 1997; Bird and Pockalney, 1994; Macario et al., 1994) which demonstrate the dependence of abyssal hill morphology on such factors spreading rate and direction, crustal thickness, and ridge segmentation (reference two multibeam figures here – see my email note).
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To make comparisons between abyssal hills and geologic processes, abyssal hill morphology must be quantified.  Compared to other primary elements of the deep ocean seafloor (e.g., mid ocean ridges, fracture zones, seamounts, etc.), abyssal hills are smaller and far more numerous.  Abyssal hills are also chaotic, insofar as a constant set of geologic conditions can result in a variety of morphology.  There is little to be gained, for example, in quantifying the characteristics of one abyssal hill.  Rather, the most relevant and useful information is to be found in the ensemble, or average properties, which requires a statistical representation.

The statistical modeling approach of Goff and Jordan (1988) has seen wide application in abyssal hill research (e.g., Goff, 1991; 1992; Goff et al., 1993; 1995; 1997; Macario et al., 1994) and elsewhere (e.g., Goff, 1995; Goff et al., 1996).  This approach employs a “band limited” fractal representation for the second-order statistics (i.e., covariance or, equivalently, the power spectrum) of abyssal hills.  The parameterized model is characterized by power law, or fractal behavior at high wavenumber/small scales, and “white” behavior (flat spectrum) at low wavenumbers/large scales (show figure: Goff & Jordan, 1988, figure 8).  The corner wavenumber separating the two scale regimes defines a characteristic scale for the morphology; i.e., the visually dominant peak-to-peak distance.  Equivalently, characteristic scale is defined by the width of the covariance, or the decorrelation distance.  In two dimension, structural anisotropy (abyssal hills have a long and short axis) is parameterized by ellipsoidal variation of the corner wavenumber as a function of azimuth.  Parameter estimation is accomplished by weighted, least squares inversion of empirically derived two-dimensional covariance functions, factoring in the noise and resolution characteristics of the multibeam (again, reference G&J88 figure 8).  Five abyssal hill parameters are estimated: RMS height, characteristic width and length, lineament azimuth, and fractal dimension.  
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Local variability in abyssal hill parameters associated with ridge segmentation and other factors can be large.  For example: along various examples of axial high MORs, RMS heights are ~40-90 m and characteristic widths ~1-3 km (Goff, 1991; Goff et al., 1993; Goff et al., 1997); along the intermediate axial valley morphology of the Southwest India Ridge, RMS heights are ~90-150 m and characteristic widths ~2-5 km (Goff et al., 1997); along an the northern Mid Atlantic Ridge, a slow spreading MOR with prominent axial valley morphology, RMS heights are ~150-400 m and characteristic widths ~4-14 km (Goff et al., 1995).  To suppress local variability and enhance the global dependence of abyssal hill morphology on mid-ocean ridge spreading rate and axial morphology, Goff et al. (1997) computed average abyssal hill statistical parameters estimated from large multibeam data sets (show figure: Goff et al., 1997, figure 12a-d).  These results demonstrate the importance of axial morphology on the formation of abyssal hills, in particular how abyssal hills generated by axial valley MORs show a strong dependence on spreading rate, while abyssal hills generated at axial high MORs do not.
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Figure 12. Population mean values plotted versus average spreading rate. Bars represent 1-0 error estimates.
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The fractal dimension is often difficult to resolve with multibeam data (owing to the need for several decades in scale between the corner wavenumber and sample resolution); values typically fall in the range of 2.1-2.4, with no evident correlation with MOR properties (Goff, 1991).
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2.2.3 Seamounts (Orcutt)


2.2.4 Fracture zones and discontinuities (Blackman)


2.2.5 Modification by pelagic sedimentation (Orcutt)


2.2.6 Outer rise fractures (Massell)

2.3 Statistical characterization – method and results


2.3.1 Abyssal Hills (Goff)


2.3.2 Seamounts (Goff)
2.4 Relating altimetry data to seafloor roughness


2.4.1 Scales of resolution (Smith)


2.4.2 Fractal Extrapolation (Goff)


2.4.3 Altimetry “texture” ground truthing with multibeam sonar (Goff)

2.5 Conclusions (Goff)

Figures (too many?)

1. Classic cross-section of all three ridge types

2. A choice multibeam bathymetry map at the EPR – showing MOR, fracture zones, discontinuities, abyssal hills, and seamounts.

3. Same as above for MAR

4. From someone’s archive: an interpreted seismic section over heavily sedimented abyssal hills

5. A pretty picture of outer rise morphology

6. Abyssal hill statistics example – observed power spectrum w/model

7. Seamount statistics example – something from the D. Smith collection

8. Scales of altimetry resolution vs. expected Pacific and Atlantic abyssal hill spectra

9. Example of variability in altimetry texture correlated to variability in abyssal hill texture

