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ABSTRACT OF THE DISSERTATION

Applications of Satellite Altimetry to Global Studies of Mid-Ocean Ridges and Continental

Margins

Christopher S. Small

Doctor of Philosophy in Earth Sciences
University of California, San Diego, 1993
Professor David T. Sandwell, Chair

The increased resolution and coverage of satellite altimeter missions in recent years has had a
significant impact on marine geophysics. Early altimeter data was used primarily for geodetic
studies. Dense spatial coverage and increased spatial resolution have now made altimeter data a
standard component of many marine geophysical surveys. The works contained in this
dissertation use these advances to address questions which had been previously considered using
only underway gravity and bathymetry measurements.

The first three chapters address the question of spreading rate dependence of mid-ocean ridge
structure. Two of these chapters use altimetry measurements to investigate intermediate spreading
rate transitions in ridge axis structure. The third of these chapters uses a collection of underway
bathymetry profiles to verify the findings of previous studies which used only altimeter data. We
find that the spreading rate dependence which characterizes slow spreading ridge structure is not
present at higher spreading rates and that the transition from rate dependence to rate independence
coincides with the transition from axial valley structure to axial ridge structure. On the main mid-

ocean ridge system this change occurs on relatively unexplored parts of the Southeast Indian Ridge



and Pacific Antarctic Rise. Recently declassified altimeter data show these transitions in
unprecedented detail.

The final two chapters consider the feasibility of using satellite altimeter data for studies of
continental margin structure. In a comparison of shipboard and satellite gravity measurements in
the Gulf of Mexico we find that individual satellite gravity profiles accurately (~6 mGal RMS)
resolve features as short as 25 km wavelength when low degree spherical harmonic models are
used to constrain the long wavelength components (1 < 180) of the field. In the final chapter we
apply a new method for computing terrain corrections to satellite gravity data in the Gulf of Mexico
in order to constrain deep basin structure. Terrain corrected gravity data remove the effects of the
extreme topography in the gulf and provide constraints on the extent of oceanic crust in the poorly

explored southern gulf.



Chapter 1

Introduction

Background

One of the earliest observations of global seafloor morphology was the difference between fast
and slow spreading mid-ocean ridge axes. Early exploration of the midocean ridge system by
Menard (1967), Heezen (1967) and others revealed consistent differences in axial structure and
flanking topography. As more of the ridge system was surveyed it also became apparent that fast
and slow spreading ridges are segmented differently. The traditional view of the ridge system
states that slow spreading ridges are characterized by a 1-2 km deep axial valley bounded by rift
valley mountains and rugged flanking topography while fast spreading ridges are characterized by
a continuous axial ridge, less than 1 km in height and bounded by smoother flanking topography.
Slow spreading ridges were also considered to be composed of discrete segments 50-100 km in
length and offset by numerous transform faults while fast spreading ridges were considered more
continuous and only occasionally offset by transform faults. This view of the ridge system
evolved incrementally as each new expedition contributed additional underway profiles to the
collection of data upon which it was based.

The intensive, multidisciplinary study of individual ridge segments and the advent of multi-
narrow beam sonar have modified our view of the ridge axis. Projects such as FAMOUS
(Heirtzler and Le Pichon, 1974) and RISE (RISE Team, 1980) made substantial contributions to
our understanding of ridge axis processes. Dense spatial coverage, submersibles, deep towed
instrument packages and the combination of several types of geological, geophysical and
geochemical observations of the same area allowed geoscientists to better understand the
relationships of observable quantities such as morphology, petrology, seismic structure, heat flow,
gravity and magnetics. Although these studies provide a wealth of information about the formation
of oceanic crust at the ridge axis, they do not necessarily offer a representative description of the
highly variable ridge system as a whole. The widespread availability of multi-narrow beam echo
sounders has, however provided an efficient means of locating the ridge axis and mapping its most
fundamental observable quantities of morphology and segmentation. Numerous multibeam
surveys of the northern Mid Atlantic Ridge and northern East Pacific Rise have modified the
traditional view of the ridge system. It is now known that both fast and slow spreading ridges are
considerably more segmented than was previously believed. In particular, the distinction of
smaller scale migrating offsets from the larger scale, more stable transform offsets has been



recognized. It has also been shown that axial depth and relief often vary in a consistent manner
with distance from different types of offset on both fast and slow spreading ridges.

Although systematic multibeam surveys provide a more complete view of the ridge axis, the
majority of the ridge system has been surveyed only with single wide beam echosounders. As
mentioned above, the vast majority of our knowledge of ridge axis morphology is based on
multibeam surveys of the northern Mid Atlantic Ridge and the northern East Pacific Rise. In fact,
almost the entire East Pacific Rise axis has now been mapped with multibeam sonar (Francheteau
et al, 1987; Hey et al, 1985; Lonsdale, 1989; Macdonald et al, 1984). While these ridges provide
convenient access to fast and slow spreading end members of the system, they comprise only a
small percentage of the global midocean ridge system. Current knowledge of the ridges in the
Southern Oceans is still based heavily on expeditions conducted prior to the mid 1970's (Smith,
1993). Because very few multibeam surveys have been conducted on the ridges in the Southern
Oceans most of the available data consist of isolated underway profiles which cross the ridge at
random locations and orientations. It is this collection of data upon which our initial view of the
midocean ridge system was gradually constructed. Although the simplified view of the ridge
system has undergone extensive modification the initial observations of axial morphology are still
generally upheld.

The introduction of marine gravity field mapping with satellite altimeters has changed our view
of the world's ocean basins (Haxby, 1987). Altimeter data have been used to map seamount
distributions (Craig and Sandwell, 1988), to constrain plate reconstructions (Mayes et al, 1989)
and to model fracture zone structure and evolution (Crough, 1979; Sandwell and Schubert, 1982).
Previously unknown features have been discovered as a result of satellite altimeter missions
(Haxby & Weissel, 1987). It was not until the Geosat Exact Repeat Mission (ERM) that satellite
altimeters achieved the accuracy and coverage necessary to resolve small scale (< 50 km) features
in the marine gravity field (Sandwell and McAdoo, 1990). These data offered the first detailed
look at many parts world's ocean basins and made possible global studies of much finer scale
features than could be resolved previously with satellite altimeters. In one such study Small and
Sandwell (1989) observed that, in addition to the previously known decrease in axial valley
expression with increasing spreading rate, an intermediate rate transition in both axial anomaly
character and spreading rate dependence occurs within a relatively narrow range of spreading rates
(60-80 mm/yr) on the primary mid-ocean ridge system. It was speculated that this transition may
reflect a change in the mechanism by which seafloor is formed at the ridge axis.

Despite the massive effort expended on mid-ocean ridge studies there is still not a consensus
on the mechanism controlling crustal structure and axial morphology on the midocean ridge
system. This seems to be the result of uncertainty surrounding the factors which control the
process of crustal accretion and lithospheric formation at the ridge axis. If oceanic crustal structure



and ridge axis morphology are influenced by spreading rate, segmentation, mantle upwelling,
tectonic history and local mantle conditions then it would be desirable to quantify the relative
importance of each of these factors. Spreading rate is undisputably the dominant first order control
on most of the ridge system although it is certainly not the only factor influencing this process.
The existence of anomalous ridges such as the Reykjanes Ridge and the Australian - Antarctic
Discordant Zone prove that the influence of spreading rate may be overridden by larger scale
controls such as mantle flow and thermal structure. Observations from regional sidescan and
multibeam surveys indicate that segmentation also exerts a profound influence on ridge
morphology although these controls are inherently more difficult to quantify than spreading rate.
Although small local variations in spreading rate have been observed (Fox et al, 1991), simple
models of global plate motions provide reasonably accurate estimates of spreading rates over most
of the ridge system (DeMets et al, 1990; Minster and Jordan, 1978).

Unlike spreading rate, the segmentation of a ridge is known only after it has been completely
surveyed. Although the large scale segmentation is reasonably well known on a global basis,
smaller scale segmentation is known only on ridge segments that have been mapped with sidescan
or multibeam surveys. For this reason it is possible to quantify the dependence of ridge axis
morphology on large scale segmentation although unmapped small scale segmentation may exert a
larger influence on local morphology. An additional difficulty arises in that it is generally not
known whether segmentation is controlled by the regional tectonic history of a ridge segment or
whether the regional tectonic history is controlled by the segmentation. How either of these factors
are related the dynamics of mantle upwelling and melt segregation also remains unknown.
Spreading rate may be considered a more absolute control in the sense that both the regional
tectonic history and the pattern of passive upwelling at the ridge crest are affected by large scale
divergent plate motions. Although all of these factors influence axial morphology, only spreading
rate is known accurately over the entire midocean ridge system at present.

The basic observation that axial valleys are characteristic of slow spreading centers while axial
ridges are characteristic of fast spreading centers has stimulated a multitude of models for midocean
ridge dynamics (eg. Sleep, 1969; Tapponier and Francheteau, 1978). Although early models
usually attempted to explain only one end member of the system, recent models have focused more
on a single mechanism to explain both fast and slow spreading ridges (eg. Phipps Morgan et al,
1987).

A necessarily common feature of most ridge axis models is a dependence on numerous,
weakly constrained parameters. Even in the event that the tectonic history, segmentation and
spreading rate are known, an understanding of their interdependence still presupposes a detailed
knowledge of mantle thermal and flow fields, crustal hydrothermal circulation and rheology as well
as melt generation, composition and migration patterns. Because of these complications most ridge



models are limited to two dimensional flow simulations in which the spreading rate is the primary
independent variable.

Currently, there are at least two midocean ridge models which are able to produce an axial
valley at slow spreading rates and an axial ridge at fast spreading rates. The model of Phipps
Morgan et al (1987) treats the oceanic lithosphere as a continuously deforming medium in which
thickness variations give rise to internal bending moments which produce axial topography that
varies with spreading rate. While this model can produce axial valleys which shrink with
increasing spreading rate, it's ability to produce a transition has not yet been investigated. The
model proposed by Chen and Morgan (1990) is based on the concept of a "decoupling chamber" of
weak lower crust which allows the brittle crust at the rise axis to respond independently to the
motions of the asthenosphere below. When the width of the decoupling chamber exceeds a zone
of extensive deformation at the rise axis the deformed crust is free to respond isostatically forming
an axial rise rather than an axial valley. Although this model can explain the rate
dependence/independence discussed below, it is rather sensitive to a number of poorly constrained
lithospheric parameters. In this respect, the modeling of mid-ocean ridge dynamics has advanced
beyond the availability of observational constraints. The common objective of the works in this
dissertation is to provide quantitative constraints on the large scale patterns observed on the global
mid-ocean ridge system.

The mid-ocean ridge studies included in this thesis attempt to place constraints on the
spreading rate dependence of ridge axis structure and morphology using both satellite gravity and
underway bathymetry data. The primary emphasis is on the nature of the transition in axial
morphology and rate dependence which occurs at intermediate spreading rates. Understanding of
this phenomenon is critical to our understanding of the mechanism(s) by which oceanic crust is
formed at all spreading centers. Furthermore, the similarity to the spreading rate dependence of
ridge flank bathymetric roughness strongly implies a genetic link between the ridge axis
morphology and ridge flank abyssal hill morphology. An improved understanding of this
relationship may allow paleo-spreading rates and other ridge axis parameters to be inferred from
abyssal hill morphology just as past plate reorganizations are now inferred from structure on the
rise flanks. Although these global studies necessarily lack the detail of intensive local surveys, it is
hoped that these results will offer insight complementary to the findings of local surveys.

An additional application of global satellite altimeter data is the study of continental margin
structure and evolution. Two different aspects of this application are discussed in the final two
chapters. In many areas, satellite gravity data provide the most detailed look at continental margin
structure yet available. The studies included here are both located in the Gulf of Mexico. In many
ways the Gulf of Mexico is an ideal testing ground as it is one of the most heavily probed pieces of
real estate on the planet. The complexity of both the structure and the origin of the gulf poses



many questions which may profit from investigations using satellite data. Even the low resolution
coverage provided by the widely spaced Geosat ERM and ERS-1 profiles is an improvement over
previously available underway data in the southern gulf. This situation will improve with the
eventual availability of closely spaced ERS-1 profiles and possibly Geosat GM profiles. Although
a great deal of work has been done on continental margin structure and evolution (Klitgord et al,
1988), almost no use has been made of satellite altimeter data. In this sense, the studies included
here will serve as preliminary investigations of the feasibity of future studies.



Organization of the Thesis

This thesis is composed of five distinct studies; three related to the systematics of global mid-
ocean ridge structure and two concerned with the application of altimeter derived gravity to
continental margin structure. Each of these studies is summarized below.

In the second chapter we extend our initial study of ridge axis gravity anomalies using Geosat
Exact Repeat Mission (ERM) profile data (Small and Sandwell, 1989). Although the initial study
was the first global investigation of ridge axis gravity anomaly characteristics, it was hindered by
an incomplete knowledge of the exact location and segmentation of the ridge axis in many areas.
Because this study made use of the polarity of the axial anomaly, small errors in the location of the
ridge axis could result in a change in polarity of the axial anomaly. For this reason we limited
ourselves to 44 representative profiles on the global ridge system. While this provided
significantly better coverage than was previously available on some of the ridges in the southern
oceans, it did neglect a large amount of potentially useful altimeter data. By using roughness
estimates of the axial anomaly we are able to investigate the amplitude variation in greater detail and
demonstrate more convincingly the nature of the transition from slow to fast spreading ridge
structure at intermediate spreading rates. The declassification of Geosat Geodetic Mission (GM)
data in the areas south of 60°S also revealed a graphic example of a relatively abrupt transition in
axial anomaly character along a previously unexplored segment of the Pacific Antarctic Rise. This
paper provides the first detailed look at this transition.

In the third chapter a global analysis of 156 underway bathymetric profiles is used to verify
the assumption that the characteristics of the axial gravity anomaly are a consequence of ridge axis
morphology. Relief of axial morphology is shown to vary with spreading rate and location in a
manner equivalent to the gravity anomalies seen in the satellite data. In addition to corroborating
the conclusions of the gravity studies, additional constraints are placed on variations in axial depth
and bathymetric roughness on the mid-ocean ridge system. It is shown that axial valley deepening
is coincident with flanking uplift as has often been assumed (but never proven) in models of ridge
axis dynamics. It is also shown that bathymetric roughness varies discontinuously with spreading
rate in a manner similar to axial morphology and gravity rather than continuously as has been
proposed by Malinverno (1991) for ridge flank roughness.

The fourth chapter makes use of recently declassified Geosat GM data in the areas south of
30°S to look in greater detail at the previously discussed ridge axis transitions in the southern
oceans. In this preliminary study the accuracy and resolution of the recently available two
dimensional (2D) gravity grid is established and a more detailed quantification of axial anomaly



amplitude variations is compared with previous studies. Detailed maps of several of these
transitions are discussed with relation to nearby hot spots.

We move from the mid-ocean ridge to the continental margin in the fifth and sixth chapters of
the thesis. The fifth chapter is an investigation of the ability of individual altimeter profiles to
resolve free air gravity anomalies on continental margins using a one dimensional (1D) Hilbert
transform. When this study was conducted (1991) Geosat ERM altimeter profiles provided the
most detailed view of the gravity field available in many areas. Although intermediate resolution,
2D coverage is currently available in the areas south of 30°S, wide track spacing still necessitates a
significant loss of resolution in gridded data north of 30°S. In a comparison with some of the
highest quality marine gravity data currently available we find that individual altimeter profiles can
accurately (< 6 mGal RMS) recover anomalies as short as 25 km wavelength and that incorporation
of longer wavelength spherical harmonic models only offers significant improvement for spherical
harmonic degrees less than 180.

The final chapter investigates an additional application of satellite gravity data to continental
margin studies. In this chapter we present results of a preliminary study of the deep structure of
the Gulf of Mexico using terrain corrected satellite gravity data. By using a new method for
calculating terrain corrections (Parker, 1993) we are able to account for the gravity anomalies
resulting from extreme topographic variations in the Gulf of Mexico and constrain the large scale
structure in the poorly understood southern gulf. These results may help to delineate the
distribution of oceanic crust in the gulf and to constrain models for it's early formation.
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An Analysis of Ridge Axis Gravity Roughness and Spreading Rate
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Fast and slow spreading ridges have radically different morphologic and gravimetric characteristics. In this
study, altimeter measurements from the Geosat Exact Repeat Mission (Geosat ERM) are used to investigate
spreading rate dependence of the ridge axis gravity field. Gravity roughness provides an estimate of the
amplitude of the gravity anomaly and is robust to small errors in the location of the ridge axis. We compute
gravity roughness as a weighted root mean square (RMS) of the vertical deflection at 438 ridge crossings on the
mid-ocean ridge system. Ridge axis gravity anomalies show a decrease in amplitude with increasing spreading
rate up to an intermediate rate of ~60-80 mm/yr and almost no change at higher rates; overall the roughness
decreases by a factor of 10 between the lowest and highest rates. In addition to the amplitude decrease, the range
of roughness values observed at a given spreading rate shows a similar order of magnitude decrease with
transition between 60 and 80 mm/yr. The transition of ridge axis gravity is most apparent at three relatively
unexplored locations on the Southeast Indian Ridge and the Pacific-Antarctic Rise; on these intermediate rate

ridges the transition occurs abruptly across transform faults.

INTRODUCTION

It is well known that mid-ocean ridge topography varies as a
function of spreading rate [Menard, 1967]. Slow spreading ridges
(15-30 mm/yr) are characterized by a deep (1-3 km) axial valley and
rugged flanking topography while fast spreading ridges (100-160
mm/yr) are characterized by a small axial ridge and smoother
flanking topography [Macdonald, 1986]. Free air gravity
anomalies over fast and slow spreading ridges also reflect this
difference in structure. Fast spreading ridges have small (<10
mGal) positive free air anomalies, while slow spreading ridges have
larger (>30 mGal) negative anomalies flanked by positive anomalies
[Cochran, 1979; Small and Sandwell, 1989). Through an analysis
of the gravity/topography transfer function over the Mid-Atlantic
Ridge (MAR) and the East Pacific Rise (EPR), Cochran [1979] has
shown that the gravity/topography ratio decreases with increasing
spreading rate; this implies either a lithospheric elastic thickness
which is dependent on spreading rate or a change in the mode of
compensation. Overall, these results suggest that topography,
gravity, and the gravity/topography ratio all vary with spreading
rate, and perhaps their variations are all different. Here we make
use of the uniform global coverage of satellite gravity data to
investigate the amplitude of short-wavelength ridge axis gravity
anomalies and to determine how the amplitude varies with
spreading rate.

While the location of the entire mid-ocean ridge plate boundary is
approximately known from compilations of underway bathymetry
data, only a few areas have been mapped in detail. The majority of
mid-ocean ridge surveys are made on the slow spreading central
MAR and the fast spreading northern EPR because these sites are
conveniently located and include the end-member examples.
However, since our knowledge of mid-ocean ridges is based
primarily on these surveys, almost nothing is known about the
change in ridge axis morphology that occurs at the intermediate
spreading rates. The major intermediate spreading rate ridges are
located in remote southern ocean areas (i.e., Pacific Antarctic Rise
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and Southeast Indian Ridge) and thus have remained almost
completely unsurveyed by ships.

At present, satellite altimeters provide the only source of data
with sufficient accuracy and areal coverage to study the entire ridge
system at a 10-km spatial resolution along widely spaced profiles
(~80 km). High-accuracy (~1 prad = 0.98 mGal) and high-
resolution (~10 km half wavelength) vertical deflection profiles
were obtained by averaging up to 44 repeat cycles from the Geosat
Exact Repeat Mission (ERM) [Sandwell and McAdoo, 1990].
Using these new data, we performed a systematic analysis of the
roughness of the gravity field over the global mid-ocean ridge
system. In well-surveyed northern ocean areas, the Geosat ERM
profiles confirm the shipboard measurements. In the poorly
surveyed southern ocean areas, the Geosat ERM profiles provide
new information on the gravity and state of isostasy of the ridge
axis. This gravity roughness analysis supports our earlier finding
that the ridge axis gravity signature does not change gradually with
spreading rate but rather changes abruptly in specific locations
which occur within a narrow range of intermediate rates [Small and
Sandwell, 1989].

The main advantage of computing gravity roughness, instead of
measuring the amplitude and polarity of the ridge axis anomaly, is
that the roughness does not depend on a precise knowledge of the
location of the ridge axis. As noted in our earlier study [Small and
Sandwell, 1989], the polarity of the ridge axis anomaly can be
ambiguous when the position of the ridge axis is uncertain by more
than about 15 km. The calculation of gravity roughness removes
this polarity ambiguity so that the results are not affected
significantly by errors in ridge axis location. To further
demonstrate the nature of the abrupt transition, we present a new
gravity map of the southern Pacific-Antarctic Rise based on
extremely dense altimeter coverage (~2-km track spacing). In this
area there is no ambiguity in the location of the ridge axis; we
observe a sharp transition from an axial high to an axial valley that
occurs at a spreading rate of 64 mm/yr.

ESTIMATION OF GRAVITY ROUGHNESS

In this study, we consider roughness of the along-track vertical
deflection as a measure of roughness of the gravity field. The
vertical deflection is the along-track derivative of the geoid (i.e., sea
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surface slope) and is proportional to the horizontal component of
the gravity anomaly vector. The procedure used to calculate stacked
vertical deflection profiles from Geosat ERM data is discussed by
Sandwell and McAdoo [1990]. Because the derivative operator
acts as a high-pass filter, vertical deflection profiles tend to
accentuate short-wavelength features while suppressing long-
wavelength orbit errors and oceanographic effects.

A variety of methods can be used to estimate the roughness of a
profile. The power spectrum provides a convenient summary of the
distribution of energy as a function of wavelength. Brown et al.
[1983] averaged the power over bands of wavenumbers to study
geoid roughness using Seasat data. An advantage of this method is
that it provides roughness estimates over a wide range of
wavelengths. One limitation is that the profiles must be long
enough to obtain reliable spectral estimates in the longest band,
thus limiting the spatial resolution of the roughness map. Gilbert et
al. [1989] use the envelope of band-pass-filtered Seasat data to
estimate the geoid roughness for the South Atlantic. This method
extracts the roughness in the shortest wave band which results in
better spatial resolution.

Since we are primarily interested in the shortest-wavelength
anomalies resolvable in the Geosat profiles, we have adopted a
modified version of the Gilbert et al. [1989] method. Individual
vertical deflection profiles are first band-pass filtered by
convolution with Gaussian kernels. After high-pass and low-pass
filters are applied, the roughness R; at a given point ¢ along the
filtered profile is the weighted average of the squares of the
surrounding values:
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where w_are the individual weights, W is the sum of the weights,
and .. are the vertical deflections. The weights consist of 2n + 1
samples of a Gaussian function with a range of £30.

As would be expected, the roughness estimate is sensitive to the
size of the window. Larger windows attenuate small-scale
roughness variations, while narrower windows give a more
localized roughness estimate with greater spatial resolution.
Because the data are band-pass-filtered before roughness is
computed, the mean is not removed from the estimate. Therefore, if
the window is significantly narrower than the wavelength of a
particular feature the roughness will appear to decrease near the
inflection points and increase near the extrema. This becomes
apparent if one considers a narrow window operating on a sinusoid,
for which the roughness should remain constant. We have
experimented with different window lengths and found that by
setting the window length equal to the long-wavelength cutoff of the
band-pass filter we can accurately detect the salient features in the
data without introducing artifacts.

The selection of the long- and short-wavelength cutoffs for the
band-pass filter is dictated by two factors: the characteristic
wavelengths of the features being investigated and the resolution of
the data. Sandwell and McAdoo [1990] have shown that a
reasonable resolution limit for the 44-fold stacked Geosat ERM data
is about 20 km. Thus 20 km is chosen as the short-wavelength
cutoff. The selection of a long-wavelength cutoff is less
straightforward and requires more careful consideration.

One way of establishing the proper long-wavelength cutoff is to
analyze the power spectra of vertical deflection profiles. Profiles
from two areas were selected for this analysis: a gravitationally
smooth region in the eastern equatorial Pacific and a gravitationally
rough region in the equatorial Atlantic (Figure 1). To obtain reliable
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Fig. 1. Index map showing track coverage of the Geosat ERM and location of mid-ocean ridge plate boundary (thick line). Thick
lines in the equatorial Atlantic and eastern Pacific show tracks used to estimate the power spectra of the vertical deflection profiles.
Thick line south and west of Africa marks the profile shown in Figure 3.
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spectral estimates, 16 profiles (1024 points long) were selected from
each area. After windowing each profile, the power spectra were
computed [Welch, 1967]. The composite spectra for each area are
shown in Figure 2. At wavelengths longer than ~100 km, the
spectra for both areas are relatively flat, and the Pacific data have
about a factor of 10 less power than the Atlantic data. In each case
there appears to be a natural corner frequency at ~100 km. For
wavelengths less than 100 km the spectra of the rough and smooth
arcas decay at different rates. The spectral decay rate is related to
the roughness of a surface [Mandelbrot, 1982]. For this reason, the
difference in spectral slope for wavelengths between approximately
20 and 100 km is of particular interest.

Another method of establishing the long-wavelength cutoff is to
compare the gravity profiles with topography profiles to determine
the band where they have a high cross correlation. Cross spectral
analyses of marine gravity and topography data have show high
spectral coherence (and near zero phase) for wavelengths between
15 and 150 km [e.g., Cochran, 1979; McNutt, 1979]. Within this
band both Airy and flexural compensation models also predict a
high ratio of gravity to topography. For this reason we expect the
vertical deflection roughness calculated in the 20-100 km band to be
highly correlated with bathymetric roughness.

To demonstrate this high correlation between vertical deflection
roughness and bathymetric roughness, we have compared profiles
along coincident track lines. We chose example profiles from
regions created at both slow and fast spreading ridges. Bathymetric
roughness was computed from Sea Beam center-beam profiles
using the methods described above. The first profile (slower
spreading) was collected in the South Atlantic by the R/V Conrad in
1985 and runs from 8.4°S, 325.7°E to 28.1°S, 334.8°E along an
ascending Geosat ground track. This 2400-km profile crosses
several prominent fracture zones and a large seamount thus
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providing significant changes in both bathymetry and gravity
roughness. The correlation coefficient between the vertical
deflection roughness and bathymetry roughness is 0.95 for the
entire profile and 0.88 for the ridge flanking portion of the profile
excluding the seamount. A similar analysis was conducted for a
Sea Beam profile collected in the eastern Pacific (faster spreading)
by the R/V Thomas Washington in 1987. This 2900-km profile
follows a descending Geosat ground track from 25°N, 235°E to 0°,
226°E and also provides several changes in topographic and
gravimetric roughness. A comparison of this bathymetric
roughness profile and the coincident satellite gravity roughness
profile yielded a correlation coefficient of 0.97. Both examples
demonstrate that in the 20-100 km wavelength band, variations in
satellite gravity roughness accurately reflect variations in bathymetry
roughness.

On the basis of these comparisons and the power spectral
analyses shown in Figure 2, we adopted the 20-100 km wavelength
range for our roughness analysis. The various processing steps are
illustrated in Figure 3 for a profiles crossing the Southwest Indian
Ridge (bottom profile, unfiltered; middle profile, band pass filtered;
top profile, roughness estimate). Along-track vertical deflection
roughness was calculated for all of the Geosat profiles shown in
Figure 1. The roughness estimates were gridded to produce a
global roughness map (Plate 1). (It should be noted that this map is
used only to display the global data; individual roughness profiles
are used for all of the quantitative analyses below.) The most
striking feature of the global roughness map is the variation in
roughness along the spreading ridges. The slow spreading ridges
(e.g., Mid-Atlantic Ridge and Southwest Indian Ridge) show high
roughness at the ridge axis (~15 prad) and lower roughness (~6
prad) on the flanks. In contrast, the fast spreading ridges (e.g.,
East Pacific Rise and northern Pacific-Antarctic Rise) show
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Fig. 2. Estimates of power spectra for vertical deflection profiles from two regions shown in Figure 1. Each spectrum is the
composite of 16 profiles, 1024 points long. The Atlantic gravity field has more power than the Pacific at all wavelengths. Note the
differences in the slopes of the power spectra between ~100 km and ~20 km.
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Fig. 3. Processing sequence: bottom, unfiltered vertical deflection profile; middle, profile after band-pass filtering (20 <A < 100
km); top, along track roughness. The prominent feature near -52° is the anomaly due to the Southwest Indian Ridge. The smaller
feature near -40° is anomaly of the Falkland Agulhas Fracture Zone. The anomaly near -20° results from the Walvis Ridge. The

location of the profile is shown in Figure 1.

generally low roughness (< 2 prad) on both the axis and the flanks
(except near seamounts). In the remainder of this paper we provide
a quantitative analysis of these first-order ridge axis roughness
variations with special emphasis on the transition from high
roughness to low roughness at intermediate spreading rates.

MID-OCEAN RIDGE PLATE BOUNDARY

The dynamics and structure of a mid-ocean ridge are certain to be
influenced by the proximity of subduction zones (Chile Rise, Juan
de Fuca, Gulf of California), the presence of large-scale
propagating rifts (Easter microplate, Juan Fernandez microplate,
Galapagos Rift) and the effects of continental rifting (Red Sea, Gulf
of Aden). In this study we separate the continuous system into
three major segments (Atlantic, Pacific, and Indian), smaller
isolated ridges (Juan de Fuca, Cocos, Chile), and ridge segments
which are known to be anomalous (Reykjanes Ridge, Australian-
Antarctic Discordance Zone). In order not to complicate the
analysis unnecessarily we have excluded continental rifts and
propagating rifts.

We use a digitized plate boundary to define ridge and offset
segments of the divergent plate boundaries. The plate boundary is
derived primarily from published sources (Table 1), although some
regions were digitized from GEBCO [Canadian Hydrographic
Service, 1982] charts. Along the southern part of the Pacific
Antarctic Rise, the plate boundary was determined from a high-

resolution gravity map; this is discussed in the results section of
this paper.

If one assumes that individual ridge segments and offsets
(primarily transforms) can be approximated by line segments, then
the plate boundary is described by the location of ridge transform
intersections (RTIs). Once the RTIs are located, segments are
identified as either ridges or transforms by comparing the azimuth
of the segment to the azimuth of the plate motion vector at the
midpoint of the segment. Plate motion azimuths and rates were
computed using the NUVELL plate motion model [DeMets et al.,
1990]. We experimented with different criteria and found that the
plate boundary could be represented accurately by categorizing any
segment with an azimuth within +45° of the plate motion vector as
an offset and all others as ridge segments. Overlapping spreading
centers were treated separately. The distribution of azimuths is
strongly bimodal (as would be expected), and this scheme
consistently picked alternating ridges and offsets correctly. An
example of this procedure is shown in Figure 4. The vertical
deflection profiles crossing the ridge segments are shown in Figure
5.

After calculating the along-track roughness profiles and
identifying the ridge and transform segments, the roughness was
extracted at the intersections of the satellite tracks and the plate
boundary. Roughness values, spreading rates, intersection angles,
and distances to the nearest RTI were computed for every
intersection point. A total of 438 ridge crossings were detected.
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Plate 1. Global gravity roughness map gndded in 0.25° cells. Slower spreading ndges (e.g., Mid-Atlantic Ridge, Southwest
Indian Ridge) have high flanking roughness and very high axial roughness. Roughness is low on both the axes and Fanks of the
fast spreading ridges (e.g., East Pacific Rise, nonthemn Pacific-Antarctic Rise). Note the abrupt transition on the Southeast Indian
Ridge and the bands of high roughness on the Pacific-Antarctic Rise flanks.
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Plate 2. Free air gravity anomalies from closely spaced (~2 km) Geosat altimeter profiles on the Pacific-Antarctic Rise [Sandwell,
1991]. The linear anomaly oriented perpendicular to the direction of plate motion near (-65°, 185°) is interpreted as a ridge axis
gravity low similar to that observed on slow spreading ridges. The linear high to the northeast (-64°, -162°) is interpreted as an axial

high similar to that observed on fast spreading ridges. Note the abrupt decrease in fracture zone anomalies on younger crust near
the ndge.



3240 SMALL AND SANDWELL: GRAVITY ROUGHNESS AND SPREADING RATE
TABLE 1. Global Ridge Axis
Location Range References
Latitude, Longitude, to Latitude, Longitude,
deg deg deg deg
North Central Atlantic 50.06 331.00 15.26 314.88 Klitgord and Schouten [1986]
Equatorial Atlantic 15.26 314.88 5.65 327.03 Cande et al. [1988]
Equatorial Atlantic 5.65 327.03 0.30 343.50 Roest [1987]
Equatorial Atlantic 0.30 343.50 -6.02 348.74 GEBCO
South Atlantic -6.02 348.74 -54.86 359.53 Cande et al. [1988]
Southwest Indian -54.86 359.53 -25.64 69.96 Royer et al. [1988]
Central Indian 9.97 56.92 -25.64 69.96  Royer et al. [1988]
Southeast Indian -25.64 69.96 -50.07 120.19 Royer et al. 11989]
Pacific-Antarctic -34.60 249.43 -60.00 207.85 GEBCO
East Pacific Rise -32.19 247.95 -26.45 247.14 GEBCO
East Pacific Rise -23.09 245.44 0.44 257.73 Lonsdale [1989]
East Pacific Rise 0.44 257.73 2.45 257.39 Atwater and Severinghaus [1989]
East Pacific Rise 2.90 258.60 17.77 254.60 Atwater and Severinghaus [1989]
South Atlantic this ridge as well as most points in the Australian-Antarctic
Discordance Zone.
—-40 -
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' RESULTS
: Plots of the RMS roughness versus full spreading rate for the
ridges are shown in Figures 6 and 7. Figure 7 shows roughness
versus spreading rate for all ridge crossings. Figure 7 shows
i roughness versus spreading rate for those ridge crossings which
pass the intersection angle and distance from transform criteria.
The subdivision of the ridge system discussed above is indicated
with different symbols for the Atlantic, Pacific, and Indian ridge
systems as well as the smaller ridges and those which are known to
S 4 be anomalous. Both plots of RMS roughness versus spreading rate
50 S show approximately one order of magnitude decrease with

20 < % A 0

Fig. 4. Example of roughness profiles (20 prad/deg) across the southem
Mid-Atlantic Ridge. Solid symbols show location of roughness estimates
used in the study, and open symbols show locations not used because of
proximity to ridge-transform intersections. Triangles indicate transform
crossings, and circles indicate ridge crossings.

From this data set we flagged all points for which the track azimuth
was within 35° of the segment azimuth, since the amplitude of the
vertical deflection is greatly diminished for features nearly parallel
to the satellite track. When RMS was plotted as a function of
intersection angle for all available ridge crossings, we found that the
maximum RMS diminished with decreasing intersection angle for
angles less than ~30°-35° but showed no azimuthal dependence for
higher angles. In order to eliminate the influence of nearby ridge
offsets, we flagged all ridge crossings for which an offset crossing
fell within the 20 portion of the roughness window. These more
stringent criteria limit the data to 192 ridge axis crossings. The
intersection angle criteria limited the number of measurements on
the north-south trending EPR and MAR. The density of fracture
zones on the MAR further limited the number of points available on

increasing spreading rate (Figures 6 and 7).

In addition to the decrease in amplitude there is a decrease in the
degree of dispersion with increasing spreading rate. Within any
given range of spreading rates, the distribution of RMS values is
not symmetric about the mean value (therefore non-Gaussian).
Thus to further quantify RMS roughness versus spreading rate, the
median was used instead of the mean. The length of the median
window (15 mm/yr) was chosen to minimize spurious effects of
data gaps and maximize resolution in terms of spreading rate. In
addition, the dispersion about the median (i.e., interquartile range)
was also calculated. The results are shown in Figure 7 where the
median roughness decreases rapidly from 21 prad at a full
spreading rate of 15 mm/yr to a value of 3.0 prad at a rate of 75
mm/yr then only gradually to 1.8 prad at 150 mm/yr. The
dispersion about the median shows a similar rapid decrease between
rates of 15 and 75 mm/yr followed by a more gradual decrease at
higher rates. The rapid decrease in ridge axis anomaly amplitude at
lower rates followed by the more gradual decrease at higher rates
agrees with our earlier study of peak-to-trough ridge axis anomalies
[Small and Sandwell, 1989).

At the higher spreading rates, there is a suggestion that the
minimum roughness may be limited by the accuracy of the Geosat
vertical deflection profiles. Sandwell and McAdoo [1990] show
that in most areas the estimated uncertainty in the vertical deflection
profiles is less than 1-2 prad. Although the roughness estimates
on the fast spreading ridges are also of the order of 1-2 prad,
inspection of vertical deflection profiles shows that the ridge axis
anomaly is usually distinct from the flanking anomalies [Small and
Sandwell, 1989]. Furthermore, because the roughness estimate is
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Fig. 6. Gravity roughness (RMS) versus full spreading rate for a]l ridge crossings. RMS roughness decreases by a factor of 10
between the lowest (16 mm/yr) and highest (155 mm/yr) Spreading rates. Beyond 80 mm/yr, roughness is uniformly low.,
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Fig. 7. Gravity roughness versus full spreading rate for ridge crossings > 33 km from a RTI and > 35° intersection angle. Open
symbols indicate individual crossings from different ridges. Solid circles indicate median RMS roughness, and vertical bars
indicate the interquartile range. A 15 mm/yr window was used. Median RMS roughness decreases from 21 prad at 15 mm/yr to
5.3 prad at 60 mm/yr. At higher rates (75-150 mm/yr), the decrease is much more gradual (3.0-1.8 prad).

an average within the window, roughness values will always
underestimate peak values for narrow anomalies. Thus we believe
that the 1-2 prad value at fast spreading ridges reflects the true
roughness rather than the limitations of the data

To further investigate the spreading rate transition in ridge axis
gravity roughness shown in Figures 6 and 7, we have studied the
intermediate rate ridges in more detail. There are five regions of the
global mid-ocean ridge system where spreading occurs at
intermediate rates. In order to minimize the number of factors
influencing the ridge axis dynamics we emphasize those within the
continuous ridge system which might be considered "typical”. The
Chile Rise and the Juan de Fuca Ridge are spreading at intermediate
rates, but they are both directly adjacent to active subduction zones
and neither is part of the primary ridge system. In addition, the
East Pacific Rise spreads at an intermediate rate in the vicinity of the
mouth of the Gulf of California, but this area is also adjacent to the
edge of an active subduction zone and the recent continental rifting
of the Gulf of California. The best examples of intermediate
spreading rate ridges are the Southeast Indian Ridge and the Pacific-
Antarctic Rise. Unfortunately, both of these ridges lie in relatively
unexplored regions of the southern oceans where underway
shipboard data are sparse. Since satellite altimetry provides the
most complete, consistent coverage available for such remote
regions, we have conducted a more detailed study of these ridges
with the available altimeter data.

The Southeast Indian Ridge forms part of a continuous segment
stretching from the Gulf of Aden through the central Indian Ocean
to the Rodriguez Triple Junction and through the southeast Indian
Ocean to the Australian-Antarctic Discordance Zone. Along this

ridge, spreading rates increase from ~25 mm/yr near the Gulf of
Aden to ~45 mm/yr at the Rodriguez Triple Junction to ~70 mm/yr
at Amsterdam and St. Paul islands to ~76 mm/yr near the
Discordance Zone. Figure 8 shows descending vertical deflection
profiles along this section of ridge. Both axial and flanking
anomaly amplitudes decrease southeastward along the ridge axis
between the Rodriguez Triple Junction and Amsterdam and St. Paul
islands. Eastward from Amsterdam and St. Paul, anomaly
amplitudes remain low but then increase abruptly near 100°E.

This effect is seen more clearly in Figure 9, where ridge axis
gravity roughness is plotted versus longitude along the ridge.
There is a rapid, order of magnitude, decrease in roughness
between spreading rates of 27 and 69 mm/yr followed by low
roughness values at higher rates (70-76 mm/yr) eastward to 100°E,
where the roughness again increases. Available bathymetric data
also show a transition from an axial valley to an axial high in the
vicinity of Amsterdam and St. Paul islands [Royer, 1985; Royer
and Schlich, 1988; R.L. Fisher, personal communication, 1991).
Small and Sandwell [1989] also found a transition from an axial
low to an axial high in gravity anomlies in this region. It is
interesting to note that the roughness increases again near 100°E,
although the spreading rate does not change significantly (76
mm/yr). Although it is possible that our ridge axis is mislocated
between 110° and 115°, this would not explain the variations in both
axial and flanking roughness on adjacent profiles between 100° and
110°E. These observations are consistent with results of a recent
study by Cochran [1991]<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>