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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.
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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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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] which showed an abrupt change in axial
morphology, flanking roughness and magnetic anomaly amplitude
near 100°E.
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The Pacific-Antarctic Rise is a second location along the primary
ridge system where spreading occurs at intermediate rates. Recent
declassification of data from the Geosat Geodetic Mission (GM)
south of 60°S allow a much more detailed view of the gravity field
along the Pacific-Antarctic Rise. The dense track spacing of the
GM data allows a complete two-dimensional gravity field to be
derived from vertical deflection profiles [Sandwell, 1991]. Gravity
anomalies for this area are shown in Plate 2. While axial gravity
roughness in this area does not change drastically, it is apparent
from Plate 2 that the character of the axial gravity anomaly does.
The westernmost ridge segment (-175° to -170° longitude, 60
mm/yr) clearly shows an axial valley anomaly (i.e., a linear gravity
low flanked by highs oriented perpendicular to the fracture zone
anomalies). The region to the northeast of this segment (-170° to
-164° longitude, 64 mm/yr) shows almost no linear axial anomaly.
Finally, the region to the east of -164° (71 mm/yr) clearly shows
axial ridge anomalies (i.e., axial highs perpendicular to the fracture
zone anomalies). Thus there is a clear transition from axial valley to
axial high that occurs over a narrow range of spreading rates (60-71
mm/yr) Although underway data in this area are scarce, available
bathymetric profiles confirm this transition from an axial valley to
an axial ridge.

DISCUSSION

It is apparent from Figures 6 and 7 that there is a pronounced
change in the amplitude and variability of ridge axis gravity
anomalies that occurs between spreading rates of ~60 and 80
mm/fyr. The distribution of points in the 60-100 mm/yr range of
spreading rates is sufficient to demonstrate that this change is real
and not a result of poor sampling at intermediate rates. While it may
be argued that gravity roughness varies continuously with spreading
rate, as has been proposed by Malinverno [1991] for ridge flank
bathymetry roughness, we feel that the abrupt decrease in amplitude
variability and the transition in axial anomaly polarity [Small and
Sandwell, 1989] indicate an abrupt transition. This interpretation
seems to be supported by the spatially abrupt transitions in the three
regions discussed above.

This decrease in gravity roughness with increasing spreading rate
is also apparent in the global gravity roughness map in Plate 1; slow
spreading ridges have large amplitude axial anomalies, while fast
spreading ridges have small-amplitude anomalies and the transition
between the two is quite abrupt. However, in addition to the change
in the ridge axis anomalies, the global roughness map shows that
the gravity roughness on the ridge flanks also decreases with
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increasing spreading rate. This is consistent with the observation
that slow spreading ridges have rougher flanking topography than
fast spreading ridges [Menard, 1967; Malinverno, 1991; Hayes and
Kane, 1991]. The relationship of gravity roughness to topographic
roughness on the ridge flanks is more complicated, however,
because of sedimentation, changes in water depth and the presence
of fracture zones. The relative scarcity of satellite tracks which
follow plate motion flowlines would seem to preclude a simple
comparison of our ridge flank roughness data with the results
obtained by Malinverno [1991] for ridge flank bathymetric
roughness. While the transition in flanking roughness is probably
related to the abrupt transition in axial roughness, an analysis of the
flanking roughness is considerably more involved and will be
discussed in a separate study.

Although the transition shown in Figure 6 spans the range of
spreading rates from ~60 to 80 mm/yr, examination of the regions
discussed above indicates that the transition is spatially abrupt
within this range of spreading rates. The limited bathymetric data
available indicate that these transition zones are accompanied by
changes in axial morphology [Royer, 1985; Cochran, 1991]. This
is consistent with the findings of our previous study [Small and
Sandwell, 1989] in which we found changes in the polarity of axial
anomalies in this range of spreading rates.

If the change from variable, high-amplitude gravity anomalies to
uniform, low-amplitude axial gravity anomalies reflects a change in

the process of crustal accretion, then it is clearly dependent on other
factors in addition to spreading rate. Mantle temperature and melt
distribution (e.g., crustal thickness) would be expected to exert a
strong influence on the axial morphology and compensation
mechanism [Chen and Morgan, 1990]. This is consistent with our
observations. For example, the transition from an axial valley to an
axial ridge on the Reykjanes Ridge occurs at a spreading rate of ~20
mm/yr, which is not within the 60-80 mm/yr transition range of the
majority of the ridges. Elevated mantle temperatures and excess
melt are expected on the Reykjanes Ridge as a result of the
proximity of the Iceland hot spot. Likewise, lower temperatures
and diminished melting are inferred for the Australian-Antarctic
Discordance Zone (~74 mm/yr), where a deep axial valley and large
amplitude axial gravity anomalies are present [Marks et al., 1990,
Klein and Langmuir, 1987, Christie et al., 1988].

The distribution of offsets in the ridge may also affect the axial
structure. Along the Reykjanes Ridge, where the axial morphology
is more typical of a fast spreading ridge, there is an absence of large
transform offsets. Along the Southeast Indian Ridge, the average
distance between significant transform offsets increases abruptly
near Amsterdam and St. Paul islands where the anomaly amplitude
decreases. The axial anomaly amplitude begins to increase toward
the discordance zone where the distance between transform offsets
begins to decrease. Although the abundance of fracture zones
eliminated all but one of our roughness measurements in the

"
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discordance zone, inspection of the vertical deflection profiles
indicates a large amplitude anomalies consistent with the deep axial
valley which is known to be present. Cochran [1991] also finds
that transitions in axial morphology and flanking roughness occur
across transform offsets in the vicinity of 100°E on the Southeast
Indian Ridge. On the Pacific-Antarctic Rise, shown in Plate 2, the
gravity anomalies on the ridge flanks seem to show several
abandoned fracture zones, possibly indicating a recent change in the
plate boundary geometry. If this is the case, then this ridge segment
may currently be in the process of changing modes of accretion. If
crustal accretion at the ridge axis is controlled by mantle temperature
and melt distribution, then transform offsets would effectively
segment the ridge thereby controlling the axial structure.

The data presented here seem to indicate that ridge axis structure
changes abruptly in certain locations which occur at intermediate
spreading rates of ~60-80 mm/yr. Although it is unlikely that
spreading rate is the only factor affecting ridge structure, it is
certainly an important and possibly dominant control. Without
detailed surveys of these transition zones we cannot determine the
relative importance of these factors, but it should be apparent that
intermediate spreading rate ridges are critical to our understanding of
the system as a whole.
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SUMMARY

Current views of mid-ocean ridges are strongly influenced by extensive mapping of
the Mid-Atlantic Ridge and East Pacific Rise. The global picture of the mid-ocean
ridge system, particularly in the sparsely surveyed Southern Oceans, is still based
primarily on underway bathymetry profiles collected over the past 40 years. This
study presents a quantitative analysis of global mid-ocean ridge morphology based
on 156 of these underway bathymetric profiles, thereby allowing commonly
recognized features such as axial valleys and axial ridges to be compared on a global
basis. An Empirical Orthogonal Function (EOF) analysis is used to separate
deterministic and stochastic components of axial morphology and to quantify the
dependence of each on parameters such as spreading rate and axial depth. It is
found that approximately 50 per cent of the variance in axial morphology may be
described as a linear combination of five independent symmetric and anti-symmetric
modes; the remainder is considered stochastic. Maximum axial valley relief
decreases with spreading rate for rates less than 80 mm yr~' while axial ridge relief
remains relatively constant for all rates greater than 50 mm yr~'. The stochastic
component of the axial morphology, referred to as bathymetric roughness, also
decreases with spreading rate for rates less than 80 mm yr~' and remains relatively
constant at higher rates. Although both axial valley relief and bathymetric roughness
near the ridge axis show a similar spreading rate dependence, they are weakly
correlated at slow spreading centres. The distinct differences in morphologic
variability of fast and slow spreading ridges may result from the episodicity of
magmatic heat input which controls the lithospheric rheology at slow spreading
ridges. These observations support the notion of a critical threshold separating two
dynamically distinct modes of lithospheric accretion on mid-ocean ridges.

Key words: Mid-Atlantic Ridge, oceanic sea-floor

topography.

lithosphere, spreading,

INTRODUCTION

It is well known that mid-ocean ridge axial morphology
varies with spreading rate. 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 more continuous axial ridge, less than
1km in height and bounded by smoother flanking
topography. Numerous multibeam surveys of the northern
Mid-Atlantic Ridge and 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
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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 majority of our
knowledge of ridge axis morphology is based on multibeam
surveys of the northern Mid-Atlantic Ridge and East Pacific
Rise. While these ridges provide convenient access to the
fast and slow spreading end members of the system, they
comprise less than half of the global mid-ocean ridge
system. Current knowledge of the ridges in the Southern
Oceans is still based almost entirely on expeditions
conducted prior to the mid 1970s (Smith 1992). 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. By considering the large
body of underway data presently available, it may be
possible to quantify global characteristics of ridge
morphology and supplement the information obtained from
more detailed regional studies.

Despite the importance of local segmentation that has
been recognized in recent years, axial morphology is often
considered to be controlled by spreading rate. On a global
scale, spreading rate is undisputably the dominant influence
although it is certainly not the only factor to affect the
morphology. 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 surveys
indicate that the presence of offsets also exerts a profound
influence on ridge morphology although the segmentation is
inherently more difficult to quantify than spreading rate.
Unlike spreading rate, the detailed segmentation of a ridge
is known only after it has been completely -surveyed. An
additional difficulty arises in that it is not known whether
segmentation is controlled primarily by the regional tectonic
history of a ridge segment or by the nature of mantle
upwelling. Spreading rate may be considered a more
absolute control in the sense that both the regional tectonic
history and the pattern of upwelling at the ridge crest are
affected by large scale divergent plate motions.

The primary objective of this study is to provide a means
of quantifying global ridge axis morphology which may be
used to constrain models for its origin as well as to
understand its relationship to flanking topography. A
secondary objective is to distinguish between the variability
related to spreading rate and that related to local controls
such as segmentation and tectonic history. On a global basis,
spreading rate is undoubtedly the most well constrained of
these parameters. Simple models of global plate motions
provide reasonably accurate estimates of spreading rate over
most of the ridge system (Minster & Jordan, 1978; DeMets
et al. 1990). The segmentation of the ridge system is
reasonably well known in many areas but on a global scale it
is severely biased by uneven mapping. For this reason it is
possible to quantify the dependence of ridge axis
morphology on large scale segmentation although un-
mapped small scale segmentation may exert a larger
influence on local morphology. Given the random
distribution of underway bathymetry profiles currently
available over most of the ridge system, it is not yet possible
to accurately relate them to ridge segmentation. For this
reason the analysis will focus primarily on spreading rate. It
should not be inferred that spreading rate is the only
important parameter or even the dominant control on a
local scale. It is, however, the only parameter that is
accurately known over most of the mid-ocean ridge system.
Because of local complexity and the scarcity of data,
tectonic history and segmentation will not be considered
here. -

QUANTITATIVE CHARACTERIZATION OF
RIDGE AXIS TOPOGRAPHY

Ridge axis topography may be envisioned as the sum of a
regional deterministic component and a local stochastic

Mid-ocean ridge axial topography 65

component. If the stochastic component can be removed
then the analysis of the deterministic component is greatly
facilitated. It should be pointed out here that ‘deterministic’
merely refers to a recognizable component of topography
such as an axial valley or an axial ridge. Similarly,
‘stochastic’ is not used in a strict statistical sense but rather
refers to a component of topography that varies appreciably
from location to location such as seamounts and abyssal
hills. For the purposes of this study, axial valleys and ridges
are considered deterministic in the sense that they are
characteristic of spreading centre morphology and have a
relatively consistent form. All other components of ridge
axis morphology such as seamounts, abyssal hills and other
features, often referred to as bathymetric roughness, are
considered to be stochastic. It will be shown that the
analysis used in this study provides a natural basis for this
distinction. The underlying implication is that the large scale
features of a particular ridge axis might ultimately be
understood well enough to be explained deterministically
whereas the particular pattern of topographic roughness will
not.

The preferred method of separating the two components
is to construct a forward model of the deterministic
component and remove it from the observed data, leaving
the residual as the stochastic component. This method,
however, presupposes a thorough understanding of the
processes responsible for creating the deterministic com-
ponent and is therefore useful only in studies of the
stochastic component. Our current understanding of the
processes responsible for the generation of ridge axis
morphology preclude such an approach for this study.

A second method of separating the deterministic and
stochastic components is on the basis of wavelength
discrimination. This method usually assumes that the long
wavelength features are the deterministic components while
the short wavelength features are stochastic, and reduces the
separation to a filtering operation. This is often a valid
approach but the use of wavelength alone has two major
drawbacks for a study of ridge axis morphology. The
primary drawback of this approach is the lack of suitable
criteria for determining a cut-off wavelength separating the
stochastic from the deterministic component. A second
drawback is that merely smoothing ridge axis bathymetry
profiles does not provide an objective means of quantifying
characteristics such as axial relief or asymmetry.

In this study an Empirical Orthogonal Function (EOF)
analysis is used to determine the fundamental modes or
spatial characteristics of ridge axis structure and to relate
them to spreading rate and depth. As the name implies, an
Empirical Orthogonal Function analysis decomposes a 2-D
field of data into orthogonal modes or basis functions which
span one dimension of the data space while simultaneously
providing information about the variation of these modes in
the other dimension of the data space. In this study, the
data consist of a collection of bathymetric profiles from
different locations on the global mid-ocean ridge system.
Hence the data field is composed of sea-floor depths which
vary as a function of distance (perpendicular to the ridge
axis) and spreading rate. This decomposition will find
independent spatial modes which best describe the ridge axis
morphology and the dependence of these modes on
spreading rate and other parameters. By decomposing a 2-D
field into empirically determined independent components,
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we are also provided with a basis upon which to separate the
deterministic (recognizable) from the stochastic (unrecog-
nizable) components of the axial morphology.

EMPIRICAL ORTHOGONAL FUNCTION
ANALYSIS

We consider a 2-D field of topography D(v, x) which varies
as a function of distance from the ridge axis x and as a
function of spreading rate v. Our objective is to factor this
field into a product of spatial modes M(x) and
rate-dependent coefficients C(v). This may be written as

D(v;, xj) = 2_ Ck(vi)Mk(x/‘)' (1)

The function M, represents a spatial mode and C,
represents the rate-dependent coefficient for that mode. N is
defined as Min (m, n) where m is the number of rate
increments and 7 is the number of spatial increments. The
problem may be written as a matrix equation and factored
using a singular value decomposition as

D=USV" )

where D represents the data matrix, U and V are orthogonal
matrices and S is a diagonal matrix of singular values. The
singular values are the square roots of the eigenvalues of the
square symmetric matrix DD and are often referred to as
the spectrum of the matrix D. The number of non-zero
eigenvalues in S indicates the rank of the matrix D while the
matrix V consists of a set of orthonormal basis functions
(eigenvectors) which span the row space of D. The
factorization shown in eq. (1) may be obtained from the
singular value decomposition in eq. (2) if C=US and
M=V". Further explanations of the theory are given by
Lorenz (1959), Davis (1976), Shaw (1988) and Menke
(1989).

The decomposition allows an individual bathymetric
profile to be described as a linear combination of
independent basis functions or modes as

D(x)=c,M,(x) + c;My(x) + - - - + ¢, M(x) + R(x), 3)

where D(x) is the bathymetric profile as a function of
distance x at a particular spreading rate v,
M,(x), My(x) - - - M(x) are the spatial modes; ¢, ¢, -c,
are the individual coefficients for this profile; r is the number
of significant modes; and R(x) is the sum of the remaining
modes. The number of significant modes may be determined
by some a priori criterion or by the rank of the matrix D as
given by the number of non-zero singular values in S. In
general, the higher order singular values will not be exactly
zero but if there is a noticeable distinction between the large
and small values then this may provide some basis upon
which to separate consistently recognizable components of
the topography from those which appear to vary in a
random manner. If this is the case, the residual R(x) may be
considered the stochastic component or bathymetric
roughness.

This decomposition yields three wuseful pieces of
information. The spatial modes provide estimates of the
dominant forms of the ridge structure while the coefficients
provide an estimate of how the independent modes combine
to form the ridge axis morphology. The coefficients also

offer an objective measure of how characteristics such as
axial valley relief and asymmetry each vary with spreading
rate or other parameters. In addition, it is shown by Davis
(1976) that each singular value gives the portion of the
variance associated with the corresponding mode. If such a
distinction can be made between the recognizable and
random components of the bathymetry then the normalized
singular values provide a quantitative estimate of the
partition of variance between the two components.

Although the decomposition given above is not the only
possible, it is optimum in the sense that it minimizes the
mean square error in the representation of the data field in
terms of a limited number of basis functions (Davis 1976).
The use of EOFs is somewhat analogous to the filtering
approach discussed above but has several advantages. The
empirically determined basis functions provide a natural
means for quantifying independent components of axial
morphology, such as relief and asymmetry, which cannot be
easily obtained from the larger number of complex
exponentials used as basis functions in the Fourier
approach. Also, the spectrum of singular values, or even the
modes themselves, may provide some criterion for
discriminating between the deterministic and stochastic
components of the morphology. These modes may then be
examined separately and related to spreading rate or any
other parameter. The EOF decomposition is particularly
well suited for characterizing ridge axis topography because,
unlike the Fourier approach, it makes no assumptions about
the statistical stationarity of the input field.

Since the eigenvalue decomposition of a matrix is
invariant to row (or column) exchanges, it is not necessary
to conduct a separate analysis to investigate the dependence
on depth or any other parameter. Each profile has an
individual depth z associated with it in the same sense that it
has a spreading rate v. For this reason, the same
decomposition results, but the C(z) are arranged in a
different order from the C(v).

The results presented in this paper are for an EOF
decomposition of a global set of 156 bathymetric profiles
as summarized in Table 1. In order to eliminate any bias
resulting from the directional orientation, each profile was
included in both forward and reversed orientation. Since the
directional orientation of a profile is only a result of the
ship’s cruise plan and has no morphologic significance, this
eliminates an unnecessary bias in the results. The results are
nearly identical to those obtained if each profile is used only
once but the resulting modes are purely symmetric and
anti-symmetric.

An example of an EOF analysis of a grid of Seabeam
bathymetry data collected on the southern Mid-Atlantic
ridge is presented in the appendix. The purpose of the
Seabeam example is to illustrate the characteristics of the
analysis on a data set that may also be interpreted visually.
Because adjacent profiles taken from a continuous grid are
highly correlated, it is easier to see the relationship between
the input data and the results of the analysis. This is
intended to give the reader a feel for the analysis which will
hopefully make thg results of the global analysis easier to
interpret. Because there is very little correlation between
adjacent profiles in the global data set, it is almost
impossible to interpret visually in matrix form and hence is
not shown here.

In addition to the Seabeam example, the appendix also
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Table 1. Summary of bathymetric profiles. Table 1. (Continued.)
Profile Cruise Year Lat Lon Rate  Ax Depth  RTI Dist. Profile Cruise Year Lat Lon Rate  Ax Depth  RTI Dist.
{deg) (deg) (mm/yr) (m) (km) (deg) (deg) {mmiyr) {m). (km)
1 22936 1976 2599 68.92 14 4760 95 55 1402 1971 -1538 67.23 39 -3565 29.8
2 i12717 1977 -52.86 20.17 14 -3997 102.2 56 ant0s 1970 -18.97 65.58 a1 -2942 1200
3 brmo1 1969 3306 56.47 14 -4008 54.6 51 dodo8 1964 -21.67 68.89 46 3235 348
4 V1605 1959 3379 S6.11 14 379 311 58 bnt1s 1973 228 263.94 48 -2815 532
5 mmd‘ul 1973 -37.76  49.78 14 -2800 143 59 gam21 1968 2241 251.63 51 -2631 62.8
6 brmO1 1969 -58.88 343.60 17 4372 26.7 60 gam2! 1968 22.19 25152 51 -3041 89.2
7 €3078 1978 36.63 32636 21 -2906 128 61 gam2l 1968 2199 25139 52 -2298 1159
8 kad06 1973 55.07 324.84 21 22671 12.8 62 gam21 1968 2177 251.24 52 -2589 144.4
9 vi713 1961 3193 319.46 22 -3068 122 63 inmlS 1979 221 266.80 53 -2590 1244
10 ss014 1965 48.80 331.92 23 -3935 23.0 64 gam21 1968 2151 25114 54 -2858 172.1
1 inm11 1978 3147 31892 23 -3180 339 65 gam21 1968 21.28 25104 s 2954 1454
12 kas22 1975 4575 33221 23 -3362 2335 66 gamll 1967 21.04  250.83 56 -2679 16
13 v2805 1970 4524 332.02 23 3125 289.1 67 gamll 1967 2086 250.79 56 -2630 90.3
14 ch992 1970 2954 31701 23 -3437 66.6 68 22936 1976 -26.24 7148 S8 37711 12
15 28194 1983 41.71 33075 24 2669 116.8 69 iidod 1971 4253 23315 58 -3590 371
16 115 1978 2832 31628 4 3% 2035 0 a2936 1976 2646 71.87 8 376 718
17 55007 1965 2803 31603 2 381 2405 n ppOO8 1970 3775 265.98 9 3440 800
18 29321 1977 2748 31648 2 3066 2890 7 50102 1972 40.23 26844 59 37 100.0
19 g7l 1971 2674 31541 2 3270 1641 73 eclld 1964 -40.67 268.07 59 -3278 59.6
20 uagz 1971 2602 315.14 24 a8 2778 7 eel2s 1966 4278 21642 0 362 265
21 agl0 1970 2545 31467 363 2040 i ecli9 1965 4333 27130 6 3608 316
22 55006 1965 24.93 3;4;; 24 4105 1234 76 ecl25 1966 -44.62 277.83 60 -3826 483
23 3001 1989 2283 31501 25 -3796 804 7 v2903 1972 -28.03 74.19 60 -3749 364
24 22426 1968 19.18  313.94 26 -3352 28.6 8 cel33 1968 -63.78 191.64 62 -2100 86.2
25 22426 1968 19.53  314.06 26 3217 335 9 ecld2 1970 -62.94 196.03 64 2228 24.8
26 v2306 1966 17.29  313.60 26 -3826 314 80 aari2 1971 -62.47 158.38 68 -1720 63.0
27 cag7l 1971 14.09 31496 26 2907 422 81 eel2?7 1966 -62.46 157.86 68 -2310 58.0
28 wig21 1978 740 59.71 26 -4033 628 82 ggall 1968 -4101 7883 68 -2801 210
29 cag?l 1971 14.59 31501 26 3565 66.5 83 cl10s 1967 4136 8122 69 2811 34.1
30 ch997 1970 6.10 6087 27 -4034 1.2 84 cel54 1972 -4194  87.80 n -2369 255
31 equ72 1972 11.89 31624 27 3674 20.2 85 eeld9 1971 -42.52  90.08 it -2497 155.4
32 cquT2 1972 1150 31631 27 -3968 64.5 86 ecld? 1971 4360 92.39 72 -2740 229.7
33 equ72 1972 1033 319.06 28 23991 35.6 87 eeld6 1970 -43.92 9342 7 -2738 149.4
34 1707 1974 372 6379 30 -4198 13.0 88 v1608 1960 -50.16 138.37 7 2135 87.9
35 c1311 1970 190 32935 31 -3023 1223 89 eodla 1970 -5025 137.51 73 -2540 1483
36 c1504 1972 4830 350.00 33 -3482 104.0 90 ecl39 1969 -50.34 13391 73 -2795 91.0
37 v2604 1968 21064 34694 34 -3636 83.7 91 ecldl 1969 -50.22 13218 73 -2891 376
38 20681 1972 -12.82 34541 35 -3865 25.0 92 ecl54 1972 -46.82  96.55 " -2490 64.9
39 cl604 1972 21524 346.64 35 -2833 48.8 93 inm05 1978 -49.06 105.39 74 -3397 814
o 2677 1972 15,57 34671 353001 N2 94 ecl4s 1970 4942 109.04 (L 609
n 28139 1974 3569 342,17 15 4276 54 95 28128 1972 -50.04 11185 75 3284 1771
2 mn13 1985 3381 34545 I 3991 179 % v1609 1960 5830 21107 (L 1253
a mai3 1985 -33.69 34541 35 4176 52 9 dpsn2 1976 1643 25464 80 2815 617
44 mrti3 1985 3333 345.65 35 3867 203 98 k7112 1972 1578 254.58 81 -2283 738
a5 mnl3 1985 3298 34555 I 2sm 536 9 eel23 1966 5441 22160 82 206 994
46 mn13 1985 -32.69 345.54 35 -3166 212 100 el33 1968 .55.13 238.90 85 -2430 0.1
47 mni3 1985 -31.98 346.73 35 -3588 78 101 1212 1968 5439 241.59 86 2451 17.0
48 mrt3 1985 3184 346.65 35 -3157 235 102 eeld3 1970 5361 24198 87 2379 0.1
49 mn3 1985 3164 346.62 35 -3169 384 103 senl 1969 14.16  255.62 88 2571 131.0
50 mrt13 1985 -31.51 346.51 35 -3588 224 104 eell9 1965 51.60 24198 89 .2426 152.9
s1 mrti3 1985 -3115 346.56 35 -3319 193 105 0102 1972 5117 24226 89 2871 2123
52 V1809 1962 -30.49  346.61 35 -2807 122 106 eel25 1966 5010 24297 90 2229 88.7
53 2605 1971 2172 34820 35 -3645 254 107 <1011 1966 1298 255.98 90 -2638 251.0

54 2605 1971 -21.96 34821 36 -4278 527 108 1307 1970 1284 256.06 91 2815 2759
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Table 1. (Continued.)

Profile Cruise Year Lat Lon Rate  Ax Depth  RTI Dist.
(geg) (deg) (mmAy)  (m) (km)
109 yq69a 1969 1279 255.71 91 -2889 2817
110 28116 1971 1192 256.24 92 2797 2043
11 sot02 1972 -49.24 24637 93 -2341 588
12 eel20 1965 47.62 246.75 93 -2895 2472
13 eel20 1965 4449 24783 95 27712 597.4
114 ecl28 1967 4324 24831 95 -2446 734.7
115 eel21 1965 -39.98 248.20 97 -2351 3970
116 pp008 1970 -38.01 249.06 97 22215 176.0
17 dpsn2 1976 1113 256.28 100 -2574 104.6
118 kk063 1980 11.08 256.29 100 -2565 108.7
119 papal 1965 924 25578 107 -2595 874
120 kk030 1974 680  257.36 114 -2743 179.5
121 lus10 1963 563  257.55 115 -2706 309.5
122 p7101 1971 539 25757 115 2738 336.0
123 eel24 1966 -35.62 249.08 116 2772 69.0
124 <1004 1966 3.16 257.80 118 -2925 1713
125 scan9 1969 310 257.79 118 -2868 168.7
126 2gl0o9 1969 294 25771 119 -3193 151.5
127 v2403 1967 147 25801 129 -3267 10.1
128 plds3 1976 1.01 257.80 129 -2999 623
129 kk901 1974 053 257.78 130 -2904 1175
130 kk025 1974 020 257.72 130 -2868 155.3
131 kk025 1974 0.05 257.67 130 -2841 1720
132 kn734 1978 -1.03  257.52 131 -2940 203.3
133 c1307 1970 -142 25751 131 -2971 159.8
134 pp304 1973 S7.11 25235 141 -2809 2219
135 pp304 1973 -7.83  252.14 141 2152 185.8
136 pp304 1973 830 252.04 142 2765 129.5
137 we772 1977 9.1 25198 142 -2901 37.2
138 cchbl 1971 -11.87 249.26 146 -2592 1929
139 ggl34 1973 -13.88 247.10 150 -2953 64.3
140 kk723 1973 -13.99 247.50 150 -2678 76.2
141 p7302 1973 -15.99 246.79 150 -3059 3034
142 2gl92 1983 -16.63  246.94 151 -2637 395.5
143 c1306 1970 -17.02  246.90 151 -2650 4205
144 c1306 1970 -17.17 246.83 151 -2697 4359
145 ¢1306 1970 -17.41 246.83 151 -2675 463.8
146 ¢1306 1970 -17.59 246.75 151 -2676 483.6
147 cl1306 1970 -17.84 246.72 151 -2685 5127
148 <1306 1970 <1798 246.44 151 -2449 528.1
149 c1306 1970 -18.19 24641 151 -2613 551.9
150 ¢1306 1970 -18.41 246.62 151 -2620 5385
151 cl714 1974 -21.14  245.76 152 -2808 229.8
152 yq734 1973 -31.28 24899 155 -2404 349
153 yq134 1973 -31.16 248.09 156 -2340 19.9
154 yq734 1973 -31.02 248.12 157 -2403 6.5
155 cel29 1967 -28.28 247.11 157 -2201 44.8
156 p7303 1973 -30.48 24794 157 -1939 72

contains several examples
analysis of the global data.

analysis

(non-intersecting) subsets

gives

virtually

of the robustness of the EOF
Specifically, it is shown that the
identical results for distinct
of the data and is robust to

significant variations in profile length. It is also shown that
conducting separate analyses for fast and slow spreading
ridges gives somewhat different resuits, both of which are
consistent with a single analysis of the entire data set.

DATA

The data used in this study consist of 156 underway
bathymetric profiles from various locations on the global
mid-ocean ridge system. The locations of these profies are
shown in Fig. 1. The profiles were selected on the basis of
sampling rate, orientation with respect to the ridge axis and
overall data quality. Profiles were rejected if their mean
sample spacing was greater than 2km or if the mean
azimuth crossed the ridge axis at an angle less than 45°.
Additional profiles were eliminated if they crossed the axis
too close to a ridge transform intersection in a poorly
surveyed area. Although this may result in elimination of
usable data, it minimizes the possibility of contaminating the
input data field with transform topography. In heavily
surveyed areas only profiles that had the highest sample rate
and were most nearly perpendicular to the ridge axis were
used. The majority of the profiles on the Juan de Fuca ridge
were eliminated because heavy sedimentation on the ridge
flanks obscured the basement topography.

The ridge axis on each profile was determined by a
two-step procedure. Initial estimates of the location of the
ridge axis were defined as the intersection of the profile with
the digitized ridge axis used by Small & Sandwell (1992).
After finding the approximate location of the ridge axis, the
actual location was selected visually using either magnetic
anomaly profiles or the axis of symmetry of the bathymetric
profile. In most cases this resulted in an adjustment of less
than 10km and in no case more than 40 km. On profiles
with a wide central anomaly where there was not a clear axis
of symmetry the local depth minimum or maximum was
used, depending on the morphology.

Once the profiles and axis crossings were selected, each
was projected perpendicular to the ridge axis and
interpolated at a 1 km sample interval using an Akima spline
(Akima 1970). As mentioned above, profiles were chosen to
be nearly perpendicular and profiles more than 20° from
normal were used only when there were no others available
in the vicinity (33 of 156 profiles). A common length of
80 km was chosen for this analysis on the basis of a visual
inspection of the profiles and the results of Le Douaran &
Francheteau (1981) and Malinverno (1990). Using a
significantly longer cut-off distance substantially decreases
the number of profiles available for analysis by eliminating
those which change heading or make a series of short passes
across the ridge. Using significantly shorter profiles does not
adequately represent some of the wider axial valleys on slow
spreading ridges. As shown in the appendix, the resulting
decomposition is extremely robust to moderate changes in
profile length. In addition to drastically reducing the number
of profiles available for analysis, a large increase in the
profile length would change the emphasis of the analysis. At
greater length scales, on the order of hundreds of
kilometres, the axial topography becomes insignificant in
comparison to the thermal subsidence component of the
flanking topography. An investigation of the thermal
subsidence characteristics of oceanic lithosphere is beyond
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Figure 1. The global distribution of the 156 profiles used in this study. Circles indicate the approximate location of the intersections with the
ridge axis. The scarcity of profiles on the Central and South-west Indian Ridges results from sparse data coverage and the abundance of poorly

constrained fracture zones.

the scope of this paper and would probably not be well
suited to this type of analysis given our current
understanding of thermal boundary layer theory.

Spreading rates were computed using the NUVEL 1 plate
motion model for all profiles except those on the
Pacific-Rivera Rise. Pacific-Rivera spreading rates were
taken from DeMets & Stein (1990). Although the NUVEL 1
spreading rates may differ slightly from individual rates
computed using marine magnetic anomalies, the difference
is not expected to be significant given the local variability of
morphology on most ridge segments.

RESULTS

The spectrum of normalized singular values S(j) shown in
Fig. 2 indicates that 46 per cent of the topographic signal
seen at the ridge axis may be represented in terms of the
first five modes. These modes M(x) are shown in Fig. 3
along with their corresponding coefficients C(v). The two
primary modes, M1 and M2, are both symmetric and
account for 28 per cent of the topography. The three smaller
modes, M3, M4 and MS, account for an additional 18 per
cent of the topography. As is typical of eigenvalue
decompositions, the higher order modes become increas-
ingly wigglier and do not resemble any recognizable form of
ridge axis topography. This partition is also indicated by a
distinct break between the first five singular values and the
continuum of higher order singular values.

The coefficients C(v) for each mode are also shown in
Fig. 3. Since relief is usually defined as the vertical distance
between the extremes, each coefficient is multiplied by the

range of the corresponding mode to give relief of that mode
in metres for each profile. Each of the first five modes shows
a consistent decrease in maximum amplitude with spreading
rate for slower rates and remains relatively constant at
higher rates. It should be noted that all modes have some
low amplitude coefficients at slow spreading rates.

It can be seen that each of the primary modes
represents a recognizable component of mid-ocean ridge

18
16
14+
121
101

Amplitude (%)

0 10 20 30 40 50 60 70 80

Singular Value

Figure 2. The spectrum of singular values for the global data set.
The amplitude of the singular value indicates the percentage of
variance accounted for by the corresponding mode in the
decomposition. It can be seen that 46 per cent of the variance in this
data set may be described by the first five modes. The higher order
modes are considered the stochastic component of the topography.
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Figure 3. The five significant modes, M(x), and their corresponding coefficients, C(v). Each mode represents a recognizable component of
mid-ocean ridge morphology. Modes 1, 2 and 4 are approximately symmetric while modes 3 and 5 are anti-symmetric. The coefficients of all
modes are highly variable for spreading rates less than ~90 mm yr~' and relatively constant at higher rates.

axial topography.

axis in cross-section although it is primarily positive in value

and as such may

on slow spreading ridges. Mode 2 could resemble an
enlarged fast spreading ridge or an inverted slow spreading
ridge with negative values at the axis which may correspond
to an axial valley. This accounts for the transition from
negative to positive coefficients shown by C2 in Fig. 3.

Mode 1 resembles a slow spreading ridge

represent the uplifted flanks usually seen

Mode 3 represents a monoclinal anti-symmetric component
which may also be inverted by negative values of C3. Modes
4 and 5 also represent symmetric (M4) and anti-symmetric
(MS5) components although their importance is significantly
less than the three primary components. Mode 4 represents
a steeper sided, narrower axial valley structure which
controls the width of the axial valley when combined with
modes

and 2. Mode S5 represents a narrower



anti-symmetric component which controls the asymmetry of
the axial valley walls.

The symmetric and anti-symmetric modes may be
summed to give the symmetric and asymmetric components
of the axial topography. The measured values of the total,
symmetric and asymmetric relief are defined as the range of
the corresponding linear combinations of the modes given
by the EOF decomposition (Fig. 4). Axial valleys are
denoted by negative relief and axial ridges by positive relief.
For slow spreading ridges there is a large degree of
variability but the maximum axial valley depth decreases
with increasing spreading rate. A graphic example of this
variability is provided by the ridge segment shown by the
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Figure 4. Axial relief versus spreading rate for the global data set.
Negative relief indicates an axial valley while positive relief
indicates an axial ridge. (a) Symmetric relief is a sum of coefficients
for modes 1, 2 and 4. (b) Asymmetric relief is a sum of the absolute
values of modes 3 and 5. (c) Total relief is the sum of the symmetric
and asymmetric components when the asymmetric component is
assigned the sign of the symmetric component. Maximum axial
valley depth decreases with spreading rate for rates less than
~80mm yr~' while axial ridge height remains relatively constant for
rates greater than ~50 mm yr~!. Significant asymmetry is limited to

ridges with spreading rates less than 40 mm yrt.
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Seabeam data in the appendix. Axial ridge height on fast
spreading ridges remains relatively constant at <500 m. The
transition between axial ridge and axial valley topography
occurs between ~50 and 80 mm yr~'. Fig. 4(b) shows the
absolute range of the sum of the two anti-symmetric modes.
Asymmetry is seen to decrease markedly for spreading rates
greater than 40 mmyr~' while ranging between 100 and
1800 m for lower rates. These results are consistent with
those of Severinghaus & Macdonald (1988) for ridge
transform intersections on the Mid-Atlantic Ridge and East
Pacific Rise.

Individual examples of this decomposition are shown for
20 example profiles in the appendix. As it is not feasible to
show all 156 profiles here, only the most instructive have
been included. These represent both the best and worst
examples of this representation of the data as well as profiles
that differ substantially from classical ridge axis bathymetry.
Each example shows the original profile, the profile
reconstructed from the first five modes and the residual
plotted above. It is apparent that in almost every case the
first five modes do an excellent job of representing the
salient features in the data. It can also be seen that the
residual profiles are not dominated by misfits of the axial
relief but rather appear relatively uniform along the length
of the profile and contain isolated off-axis features such as
seamounts. The largest residual in the data set is associated
with profile 12; although the steep sides of the axial valley
are poorly approximated by the first five modes, the residual
profile is dominated by two rather large (>1 km) features off
axis. These profiles illustrate the substantial variability in
both amplitude and shape of axial valleys at similar
spreading rates on slow spreading ridges. It is apparent that
this type of variability would make it very difficult to
describe these profiles accurately with analytic functions.

Axial depth, shown in Fig. 5, was measured at the axis of
each profile prior to the analysis. As with axial relief, axial
depth shows considerable variability for spreading rates less
than 80 mm yr™' and relatively little scatter for higher rates.
Although axial depth does not remain constant for rates
greater than 80 mm yr™', it does vary consistently and shows
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Figure 5. Axial depth versus spreading rate for the global data set.
Maximum axial depth decreases with spreading rate for rates less
than 80-100 mm yr~'. Variance about the mean trend decreases
abruptly for rates greater than 80 mm yr™' although the trend shows
a local deepening on the East Pacific Rise near the Galapagos Rise

at 120mmyr™".
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very little scatter at any given spreading rate. The consistent
variation in depth at the faster spreading rates is a result of
the deepening of the East Pacific Rise near the Galapagos
Rise. It has been observed that axial depth is correlated with
axial ridge shape 0N the East Pacific Rise (Macdonald & Fox
1988) and with axial valley relief on the Mid-Atlantic Ridge
(Le Douaran & Francheteau 1981). As shown by
Malinverno (1990), some correlation between relief and
depth is expected if the relief measurement is a component
of the depth measurement. Fig. 6 shows axial depth plotted
versus axial relief for the 156 profiles used in this study. The
axial depth shows the expected positive correlation (r = 0.8)
for axial valleys at slow rates and for ridges with positive
relief at faster rates. Also plotted are the flanking depths in
which the axial relief is subtracted from the axial depth
(total depth = fanking depth + axial relief). When the relief
is subtracted from the total depth a correlation between the
two is not required as the depth to the flank is statistically
independent of the relief itself. The flanking depth is also
correlated with axial relief although in the opposite sense
p=-0.7). When considered separately, axial valley relief
is still correlated with both axial depth and flanking depth
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Figure 6. Axial depth versus axial retief. Axial depth and relief are
strongly correlated (p = 0.8) for both fast and slow spreading ridges
(top). When axial relief is subtracted from axial depth to give
flanking depth, the correlation remains (r = —~0.7) but becomes
negative. When slow spreading ridges are considered separately, the
correlation of axial and flanking depths with negative relief have
equal slopes of 0.6 and —0.4 respectively and a common intercept
of —2745 m, thus supporting the observation that axial valley depth
is balanced by flanking uplift. As axial valley relief decreases,
corrected axial valley depth approaches that of fast spreading
ridges.

although to a lesser extent (p =0.6 and —0.5 respectively)-
Linear trends fit to the axial depth and flanking depth give
slopes of —~0.6 and 0.4, respectively, and a common
intercept of —2838 m. Because the parameters discussed in
this study are generally not normally distributed, all
correlation coefficients are computed using the Spearman
Rank Order coefficient. p (Press et al. 1992) and linear
trends are fit by minimizing the L1 norm. All correlations
quoted are significant at the 99 per cent confidence level.

An advantage of an EOF decomposition is that it may
provide a basis for distinguishing between the deterministic
components of the topography and the stochastic com-
ponents. Although the decomposition does not provide a
means for explicitly determining which components are
deterministic and which are stochastic in a statistical sense,
it does provide a set of modes which may be compared with
those forms of axial topography which have been previously
observed. Modes 1-5 have obvious physical interpretations
as discussed above and, for the purpose of this study, are
considered to be the recognizable modes of topographic
expression. Modes 6-79 have o obvious physical
interpretation and may be considered stochastic components
of topographic roughness. Visual examination of profiles as
shown in the appendix indicates that modes 1-5 do indeed
account for the majority of the recognizable topographic
expression in almost every profile while the sum of the
higher modes resembles topographic roughness. It is also
encouraging that this decomposition relegates sporadic
features such as off-axis seamounts t0 the roughness
component of the topography as shown by profiles 78, 135,
136 and 147. Because the residual profiles often contain
seamounts and are, in general, not normally distributed, the
Median Absolute Deviation (MAD) is used as an estimate
of their topographic roughness. Although the MAD
produces lower estimates of roughness than the commonly
used RMS, it provides a more robust estimate in the
presence of outliers such as seamounts. The roughness is
plotted as a function of spreading rate in Fig. 7.

It has been proposed by Malinverno (1991) that ridge
flanking roughness, as defined by the RMS of the
bathymetry, varies inversely with the square root of
spreading rate as R=A /\Vv+ B. This assertion is
considered in Fig. 8. The roughness values computed here
were fit with a function of the form R=A/Nv+B and
this function was subtracted from the observed data. The
residual (observed — predicted) roughness is shown in Fig.
8(b). Although the data can be fit with this curve, it should
be noted that the scatter about the predicted value is
consistently higher for rates less than ~80mm yr_ ' and that
the predicted curve fails to fit the trend of the observed data
for rates greater than g0 mmyr~'. The parameters A and B
were estimated by minimizing the L1 norm and give
A=1214 and B= _46. In order to be directly comparable
with the aforementioned study, the roughness was also
estimated using the RMS instead of the MAD and gives
A=1122 as compared to Malinverno’s value of A=1296.
Also shown in Fig. 8 is a log—log plot of the roughness versus
spreading rate. It can be seen that the data do not show a
well-defined linear trend in log—log space, thereby providing
a strong argument against any power law dependence of
roughness on spreading rate.

It is immediately apparent that the roughness shows a
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Figure 9. Bathymetric roughness versus absolute axial relief for the
global data set. Different symbols indicate primary ocean basins as
in previous figures; open symbols indicate positive relief. Although
there is an overall correlation (p = 0.7), axial valley relief alone is
weakly correlated (p = 0.4) with flanking bathymetric roughness.

similar variation with spreading rate to the axial relief shown
in Fig. 4. The obvious implication is that topographic
roughness is somehow related to axial relief. Roughness is
plotted as a function of absolute axial relief in Fig. 9 and
shows a correlation of 0.7. Roughness is also weakly
correlated with mode 1 (p =0.5) and mode 2 (p = —0.6)
individually although not with mode 3 (p =0.2), mode 4
(p =0.2) or mode 5 (p = 0.2). Although the correlations are
statistically significant, an examination of the profiles shows
numerous exceptions. If slow spreading ridges are
considered separately the correlation decreases (p =0.4),
implying that axial valley depth is not related in a simple
way to a near-axis bathymetric roughness.

DISCUSSION
Deterministic and stochastic topography

A primary result of this analysis is that approximately 50 per
cent of the topographic relief on the ridge axis may be
described as a combination of simple modes. The
implication is that the remaining 50 per cent cannot be
described simply and appears to be stochastic. Although the
decomposition does not provide a statistical basis for
establishing the separation, the distribution of singular
values and the distinction of the five primary modes strongly
support this interpretation. Additional support is offered by
the profiles shown in the appendix. The stochastic
component is referred to as bathymetric roughness and is
discussed below.

This analysis also shows that the majority of morphologic
variability is related to slow spreading ridges. When fast
spreading ridges are analysed independently, the two
dominant modes are similar in form and account for only 29
per cent of the topographic relief. This may be attributed to,
the presence of off-axis seamounts which are comparable to
or larger in size than, the axial ridge, but are distributed
throughout the length of the profile thereby requiring a
large number of modes to represent them. Although it has
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been shown that the shape of axial ridges often varies with
respect to the segmentation (Macdonald & Fox 1988), the
large scale structure of fast spreading centres is relatively
invariant in comparison with slow spreading ridges. For this
reason the majority of fast spreading ridge topography may
be represented with just one mode in the global analysis.
This is indicated by the dominance of mode 2 for fast
spreading ridges as shown by C2 in Fig. 3.

It is not yet possible to determine how much of the
variability seen on slow spreading ridges may be attributed
to segmentation. Once the fine scale segmentation of the
world’s slow spreading centres has been mapped in greater
detail this type of analysis may provide a convenient means
of quantifying the relationship between segmentation and
morphology. It appears that we are presented with two
types of variability in ridge axis morphology: a large scale
variability (Fig. 4) which may possibly be explained by the
dynamics of lithospheric accretion; and a smaller scale
variability (Fig. 7) which may be related to these dynamics
but probably cannot be explained deterministically.

Axial and flanking depth variations

The nearly equal slopes seen in Fig. 6 support the notion
that axial valley depth is, to some degree, balanced by uplift
of the flanking walls as predicted by isostasy (Weissel &
Karner 1989) and numerous theoretical models (e.g.
Lachenbruch 1973; Collette, Verhoef & Mulder 1980;
Parmentier 1987; Phipps Morgan, Parmentier & Lin 1987).
Although it would be necessary to integrate the axial
topography to demonstrate such a mass balance, the
measure used here is more robust because it is not
dependent on a datum level or a profile length. The
variation in axial depth is slightly greater than the variation
of flanking depth with axial relief (0.6 versus —0.4). This
may be a result of axial deepening near transform offsets
which is not exactly balanced by flanking uplift.

As might be expected, flanking depths on slow spreading
ridges approach the mean flanking depth of fast spreading
ridges (3012 + 223 m) as the spreading rate increases. This is
consistent with the results of Marty & Cazenave (1989)
which show increased subsidence rates for ridges with mean
axial depths less than ~3000 m. These observations support
the notion of a dynamic equilibrium for spreading ridges.
The intermediate scale segmentation and 3-D structure of
slow spreading ridges may be considered perturbations
which become increasingly unstable at higher spreading
rates.

Bathymetric roughness

The dependence of bathymetric roughness on spreading rate
is similar to that found by Goff (1991), Hayes & Kane
(1991) and Malinverno (1991) for ridge flanking topography.
Although the different methods used to estimate roughness
give different values, the variation with spreading rate is
similar. The Median Absolute Deviation (MAD) gives
lower estimates than the RMS but is preferable in this case
because the distributions of the residual profiles are
significantly non-Gaussian. When the RMS is used to
estimate the amplitude of the residual profiles the results are
consistent with the studies mentioned above.

It has been proposed by Malinverno (1991) that sea—floor
roughness varies continuously and is inversely proportional
to the square root of the spreading rate. This hypothesis is
not supported by the results of this study, as shown by Fig.
8. While these results do not disprove Malinverno’s
hypothesis, they do imply some additional complications.
The slight increase in both average roughness and in the
range of roughness values seen in this analysis and in that by
Goff (1991) for spreading rates greater than 80 mmyr™'
implies factors which cannot be explained by a monotoni-
cally decreasing function of spreading rate. In addition to
the well known increase in seamount production in the
vicinity of the Easter Microplate, Goff (1991) also finds
consistent differences in size and shape of abyssal hills on
the Pacific Cocos and Pacific Nazca sections of the East
Pacific Rise. Some of the variability of the roughness values
at slow spreading ridges may be accounted for by the length
of the profiles used in this study. Longer profiles, such as
those used in the aforementioned studies, may tend to
average out time-dependent variations in faulting and
volcanism which are responsible for creating abyssal hill
topography. An additional complication arises from the
results of Malinverno (1991) and a recent study by Bird &
Pockalny (private communication) which find significantly
different spreading-rate variations for ridge flank roughness.

Although the amount of scatter in the roughness estimates
at slow spreading rates could mask either a linear
dependence (Hayes & Kane 1991) or a power law
dependence (Malinverno 1991), existing profile data are not
adequate to distinguish between the two models. Further-
more, the low spatial resolution and uneven sampling which
are characteristic of wide beam echosounders introduce a
variety of bases related to spatial aliasing. A more complete
understanding of the processes involved in the creation of
abyssal hill topography requires a number of detailed
multibeam surveys at all spreading rates. Roughness
estimates based only on profile data obviously lack the
information content of more thorough investigations such as
that of Goff (1991); however, the coverage of the ridge
system currently offered by multibeam data precludes a
thorough global study at this time.

A complication which is usually overlooked in studies of
sea-floor roughness is that of multiple sources. In addition to
abyssal hill topography, ridge flank roughness may also
include substantial contributions from time-dependent
variations in ridge axis segmentation. Oblique fracture zones
and propagating offsets create significant topography which
cannot be avoided even by sampling along tectonic flow
times. It is well known that there are marked differences in
the nature of offset propagation and segmentation on fast
and slow spreading ridges. In light of this observation, any
variation (continuous or abrupt) of roughness with
spreading rate must consider segmentation as well as
volcanism and faulting. Unfortunately, any study of ridge
flank roughness that is based only on profile data will suffer
from this ambiguity.

Fast versus slow spreading structure

A fundamental result of this study is that axial relief, depth
and roughness all show similar variations with spreading



rate. Although the differences between fast and slow
spreading ridges have been known for some time (e.g.
Menard 1967), these results show a consistent global pattern
of high variability and rate dependence at slow spreading
centres changing to low variability and rate independence at
fast spreading centres. The transition occurs at spreading
rates in the 50-80 mm yr~! range and may be the result of
marked differences in the episodicity of processes occurring
at the ridge axis.

Multibeam surveys on the southern Mid-Atlantic Ridge
indicate that at spreading rates as low as 35 mmyr~' axial
valleys may shallow and disappear completely (Welch et al.
1987; Kuo & Forsyth 1988; Blackman & Forsyth 1991; Fox,
Grindlay & Macdonald 1991). This does not necessarily
imply a change in the mode of crustal accretion although it
may result from a local relaxation of the forces responsible
for maintaining the axial valley as proposed by Blackman &
Forsyth (1991). The axial valley is also seen to disappear on
the northern Mid-Atlantic Ridge in the vicinity of the
Iceland and Azores hotspots; this is presumably a result of
the elevated thermal structure in these areas. The
South-east Indian Ridge has two well-developed transitions
from axial ridge to axial valley structures although neither
has been surveyed in detail. High-resolution satellite gravity
measurements from the Geosat Geodetic Mission (GM)
show a similar transition on the Pacific Antarctic Rise
although bathymetric coverage of this area is also extremely
sparse.

At present, the majority of models for mid-ocean ridge
axial topography assume some type of steady-state
mechanism which varies with spreading rate. If the variation
in axial morphology is continuous, as implied by the model
of Phipps Morgan et al. (1987), then it would be expected to
be controlled by factors that vary continuously with
spreading rate such as the large scale thermal structure.
Alternatively, a threshold model such as that proposed by
Chen & Morgan (1900a,b) would be more sensitive to
factors which change rapidly or are easily perturbed by local
variability. More recent models, such as those of Phipps
Morgan & Chen (1993) and Neumann & Forsyth (1992), are
based on the mechanisms in the aforementioned studies and
account for additional complexities such as crustal thickness
variations and the existence of a steady-state magma
chamber. Theoretical models also suggest that the
fundamental nature of mantle flow fields (Parmentier &
Phipps Morgan 1990) and the existence of a steady-state
magma chamber (Phipps Morgan & Chen 1993) may be
controlled by the thermal structure at the ridge axis. These
models are appealing because they can explain both the
change in structural/morphologic variability seen between
fast and slow spreading ridges as well as the characteristics
of anomalous ridges such as the Reykjanes Ridge and the
Australian Antarctic Discordance Zone. In spite of the
constraints offered by the data shown here, a thorough
understanding of the cause of these differences will require
detailed surveys of intermediate rate ridges where the
transitions are seen to occur.

The striking differences in the morphologic variability of
fast and slow spreading ridges may be a result of the
episodicity of crustal accretion on slow spreading ridges.
While the maximum attainable axial valley relief is seen to
decrease with spreading rate, shallow axial valleys appear to
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be present at all spreading rates less than ~80 mmyr~'. An
episodic supply of magma to the ridge axis would create a
temporal variability in the thermal structure at any given
location on the ridge axis. Since the thermal structure is
probably the dominant control on the mechanism which
maintains the axial valley, this would account for the
variability seen in axial relief. The thermal structure also
controls the ductile deformation in the lower crust, thereby
limiting the yield strength of the lithosphere near the ridge
axis. Episodic brittle failure would occur during episodes of
amagmatic extension producing greater roughness from
faulting. This temporal variability may explain the imperfect
correlation between axial valley relief and roughness. At
higher spreading rates the elevated thermal structure and
greater magma supply may allow the existence of a
steady-state melt lens and a composite magma chamber as
proposed by Sinton & Detrick (1992) and Phipps Morgan &
Chen (1993). The temporally consistent, elevated thermal
structure results in a consistently weak lower crust and
upper mantle which would prevent large stresses from
accumulating. If the lithosphere is able to alleviate stresses
more frequently with smaller displacements, the overall
roughness resulting from faulting would be expected to
decrease accordingly.

CONCLUSIONS

The use of Empirical Orthogonal Functions to represent
mid-ocean ridge morphology provides a basis for the
separation of the data field into deterministic and stochastic
components and gives the dependence of each on
parameters such as spreading rate and axial depth. It is
shown that this representation of the axial morphology is
extremely robust to variations in the input data set and gives
quantitative results which agree with qualitative observa-
tions from previous studies. On the basis of the spectral
decomposition of 156 bathymetric profiles, approximately
half of the morphologic relief within 30-50 km of the ridge
axis may be represented as a linear combination of five
recognizable modes; the remainder is considered stochastic.

Maximum values of both deterministic and stochastic
components of axial morphology show a consistent variation
with spreading rate for rates less than 80mmyr~' but
remain relatively constant at higher rates. This implies that
the maximum attainable axial valley relief is ultimately
controlled by spreading rate. Minimum relief of axial valleys
shows no spreading rate dependence, indicating that local
conditions can prevent the formation of an axial valley at
slow spreading rates but cannot create an axial valley at
faster rates. This supports the notion that a critical threshold
exists above which an axial valley cannot be maintained.
This threshold is not expected to be dependent on spreading
rate alone but more directly on thermal structure, rheology
and melt availability, which are strongly influenced by
spreading rate but are also subject to other influences such
as upwelling structure and the proximity of hotspots.

Axial depth is positively correlated with axial relief, as
would be expected. Flanking depth is negatively correlated
with relief. In the case of slow spreading ridges with axial
valleys this supports the common assumption that the axial
valley depth is, to some extent, balanced by uplift of the rift
flanks. Flanking depth on slow spreading ridges approaches
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the mean axial depth of fast spreading ridges as the axial
valley shallows, implying an equilibrium depth for
mid-ocean ridges.

Spreading centres with axial ridges show consistently
lower roughnesses than those with axial valleys but axial
valley depth is not strongly correlated with flanking
roughness at slow spreading centres. A possible explanation
for these observations is the episodicity of magmatic heat
supplied to slow spreading ridges. The thermal structure of
slow spreading ridges is expected to have greater temporal
and spatial variability, which may account for the variability
in axial valley relief and roughness. Faster spreading ridges
would be expected to maintain a thermal steady state with a
significantly weaker lower crust and upper mantle which
would limit the degree of roughness that could be produced
by episodic brittle failure.
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APPENDIX

An example of an EOF analysis using Seabeam data

The techniques described above may also be applied to a
data set D(x,y) with two spatial dimensions such as a
continuous grid of Seabeam bathymetry measurements.
Although such analysis is rarely necessary for a continuous
grid of bathymetry, it does provide an instructive example of
the decomposition because the individual profiles are highly
correlated, thus allowing the reader to visually compare the
results of the analysis with the data. A 80 x 90 km grid of
bathymetry measurements collected on the Marathon
expedition on the southern Mid-Atlantic Ridge (Carbotte,
Welch & Macdonald 1991; Fox et al. 1991; Blackman &
Forsyth 1991) was chosen to illustrate the analysis. The
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data, shown in Fig. Al, consist of 90 grid profiles, each
80km long with 1km sample spacing and 1km profile
spacing. The grid origin is located at 26.81°S 14.16°W on the
southern Mid-Atlantic Ridge and was chosen because it
shows significant morphologic variability along axis in the
form of shallowing and disappearance of the axial valley.
The results of the analysis are shown in Fig. A2. The
spectrum of singular values indicates that the topography is
dominated by the first mode which accounts for almost 80
per cent of the relief in the form of the axial valley. The
coefficients of the first mode indicate a relatively constant
amplitude with slight deepening toward the ends of the
segment. The second mode accommodates the inside corner
high and nodal deep at the northern end of the segment.
The third mode modifies the shape of the primary mode by
steepening the valley walls and uplifting the flanks. When
inverted, the third mode also accounts for the disappearance
of the axial valley near 60km north as shown by the
negative values of the sum of modes 1 and 3.

2.2

-2.4

40 50 60 70 80

km
Figure Al. Gridded bathymetry from a Seabeam survey of the southern Mid-Atlantic Ridge from Blackman & Forsyth (1991). The origin of
the grid is at 26.81°S 14.16°W and all distances and depths are in kilometres. This grid shows the extreme variability of axial valley morphology
possible at a single spreading rate (36 mmyr™').
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grid. The second and third modes account for an additional 10 per cent and accommodate the inside corner high and nodal deep at the
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Figure A3. EOF decomposition of profiles from the global data set with spreading rates less than 80 mm yr~'. The singular values and the
primary modes are virtually identical to those obtained for the entire data set because the high amplitude topography of the slow spreading
ridges dominates the global data set.
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Robustness of EOF analysis of the global data set

Although the results of the analysis are generally consistent
with previous observations of ridge axis morphology, it is
necessary to verify the robustness of the EOF analysis on
these data. As the analysis focuses on D(x, v), variations in
the ranges of x and v are of primary concern. Also, given
the extreme variability of ridge axis morphology and the
uneven distribution of underway data available on the global
ridge system, the sensitivity of the analysis to differences in
the profiles used in the input data set must also be
considered.

In light of the extreme difference between fast and slow
spreading ridge axis morphology, these two subsets would
be expected to give different results in separate analyses.
Fig. A3 shows the results of an EOF analysis of profiles with
spreading rates less than 80 mm yr~'. The results are almost
indistinguishable from the results of the global analysis. This
is not surprising since the slow spreading morphology
accounts for most of the amplitude and variability in the
global data set. Fig. A4 shows the results of an analysis of
the profiles with spreading rates greater than 80 mmyr '
These results appear significantly different from the global
analysis in the shape of the primary modes and the
distribution of singular values. The first two modes account
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for ~30 per cent of the relief and the first five modes
account for more than 50 per cent of the topographic relief.
The first two modes are similar to what would be expected
for fast spreading ridges while the higher order modes do
not correspond to recognizable forms of axial morphology.
Although the form of fast spreading ridges is relatively
homogeneous in comparison to slow spreading ridges, the
primary modes still account for only half of the morphology.
This may be attributed to the presence of off-axis features
which are comparable in size to the axial ridge but vary in
location and thus require many independent modes to
represent them. Despite the differences between the global
and separate analyses for fast spreading ridges, the results
are consistent. The primary modes result in a relatively
constant axial ridge height of less than 1000 m with no
significant asymmetry and no consistent variation with
spreading rate. The separate analyses confirm that a global
analysis does not result in any significant misrepresentation
of the data while simplifying the comparison of fast and slow
spreading morphology.

As stated above, the profile length was chosen to
maximize the number of usable profiles while adequately
representing axial morphology. A significantly shorter
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length scale would not accommodate some of the wider axial
valleys while a longer length scale would eliminate a
significant number of shorter profiles from the data set. The
global analysis described above was repeated with profile
lengths 60 and 100 km. As shown in Fig. AS5, the central
60 km of the three primary modes are nearly identical. The
distribution of singular values is also almost indistinguish-
able. Using much longer profiles would undoubtedly change
the results of the analysis. At longer wavelengths, sea-floor
depth is dominated by thermal subsidence, and axial
morphology becomes negligible. While the relationship of
axial morphology to thermal subsidence has yet to be
understood, such a study would require a larger data base of
long, flowline oriented profiles than is presently available.

Sensitivity of the global analysis to variations in the input
data set was also tested. The 156 profiles were divided into
three distinct (non-intersecting) subsets, evenly distributed
with respect to spreading rate, and three separate global
analyses were performed. The results are shown in Fig. A6.
As in the previous example, the primary modes and the
spectrum of singular values are nearly identical to the global
analysis. The only significant difference is in the axial region
of the third mode. It is surprising that the results of three
completely separate analyses on significantly smaller data
sets are so similar given the amount of variability seen in the
profile data. This result is encouraging because it implies
that the addition of significant amounts of new data is
unlikely to change the fundamental results of the global
analysis.

Examples from the global data set

Since it is not practical to show decompositions for all 156
profiles used in this study, only the most instructive are
included here (Fig. A7). Each profile is indexed by the

number used in Table 1. For each profile, the raw data,
interpolated to 1km sample spacing are shown. Superimp-
osed in bold on this profile is the corresponding linear
combination of the first five modes. Plotted above is the
residual profile. Also shown is the spreading rate, the MAD
of the residual profile and the coefficients of the first five
modes. The profiles are arranged in increasing spreading
rate.

The first 15 profiles are taken from ridges with spreading
rates less than 80 mm yr™', the remaining profiles are taken
from faster spreading ridges. Examination of these profiles
verifies three significant points: there is a marked difference
in variability of fast and slow spreading ridge structures; the
first five modes generally fit the salient features of the
profiles very well; and the amplitudes of the residual profiles
are generally consistent along the length of the profile and
are usually not related to a significant misfit of the axial
structure. Slow spreading ridges show considerably greater
variability in both the large scale axial form (depth,
asymmetry, etc.) and in amplitude of residual profiles.
Profiles, 7, 9 and 12 are all taken from the northern
Mid-Atlantic Ridge and are spreading at approximately the
same rate but are not at all similar in character. On several
of the slow spreading profiles the axial valley is obscured by
shorter wavelength features. On more than half of the slow
spreading profiles there is significant asymmetry as well. It
would be very difficult to characterize most of these profiles
using analytic functions. On two of the profiles shown (12
and 32) the axial morphology is poorly fit by the first five
modes. These are the two worst examples from the data set.
In general the first five modes provide an exceptional
representation of the raw data. Examination of the residual
profiles indicates that they maintain a relatively constant
character along their length. It is also encouraging that
off-axis seamounts are effectively included in the residual
profiles.



Imaging mid-ocean ridge transitions
with satellite gravity
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ABSTRACT

Gravity maps derived from satellite altimeter measurements provide unprecedented me-
dium-resolution coverage of sparsely surveyed mid-ocean ridges in the southern oceans. A
spectral analysis of 76 000 km of coincident shipboard and satellite gravity measurements shows
that satellite altimeters can accurately resolve features with half-wavelengths as short as 13 km.
The coverage and resolution of these gravity data allow us to determine accurately both the
location of poorly charted ridge axes and the variation in axial anomaly character along the
ridge axis, although their detailed morphology is not resolved. The results of this study support
earlier studies that showed a transition from spreading-rate-dependent axial gravity lows to
rate-independent axial highs with increasing spreading rate. Four such transitions are imaged
on the Southeast Indian Ridge and Pacific Antarctic Ridge. We expect that these transitions are
the result of a temperature-sensitive threshold phenomenon and may be influenced by nearby

hot spots.

INTRODUCTION

The radically different morphology of fast- and slow-spreading
mid-ocean ridges is one of the earliest observations of seafloor struc-
ture, but it has yet to be fully understood. Heezen (1960) and Menard
{1960) observed that the slow-spreading Mid-Atlantic Ridge is
marked by a 1-3-km-deep axial valley with flanking rift valley moun-
tains and rough topography, whereas the faster spreading East Pa-
cific Rise generally consists of a more continuous axial ridge with
smoother flanking topography (Fig. 1). The fast- and slow-spreading
end members of the continuous mid-ocean ridge system have been
studied extensively (e.g., Macdonald, 1986; Lonsdale, 1989) but the
more remote intermediate-rate ridges have been largely overlooked.

Satellite altimeters provide medium-resolution gravity data
with nearly complete coverage of the global mid-ocean ridge system.
Recently declassified Geosat Geodetic Mission altimeter data pro-
vide exceptionally dense spatial coverage (2-4 km track spacing) of

East Pacific Rise
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Flgure 1. Typical ridge-axis bathymetry and gravity anomalies (heavy line)
across fast- and slow-spreading mid-ocean ridges.
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the oceanic areas south of lat 30°S. These remote southern oceans
contain a significant part of the global mid-ocean ridge system and
have not been adequately surveyed since the introduction of multi-
narrow-beam echosounders such as Seabeam, Hydrosweep, and
Seabeam 2000. In this paper we discuss the nature of morphologic
transitions on intermediate-spreading-rate ridges in the southern
oceans and the constraints offered by satellite gravity data.

SATELLITE GRAVITY

Because the height of the ocean’s surface above a reference
corresponds to a gravitational equipotential, sea surface elevations
measured by satellite altimeters may be used to produce geoid
(Rapp, 1983) and gravity (Haxby et al., 1983) maps of the world’s
ocean basins. The method used to construct the gravity grids, de-
scribed in detail by Sandwell (1992), allows data from the Seasat,
Geosat, and ERS-1 satellite missions to be combined to give max-
imum spatial coverage. In addition, the very dense spatial coverage
of recently declassified Geosat GM data allows much higher reso-
lution of the gravity field in the areas south of 30°S.

Although satellite altimeters have lower spatial resolution than
shipboard gravimeters, satellites provide superior areal coverage
and are able to resolve large- and intermediate-scale features of the
marine gravity field. Shipboard and satellite gravity profiles are
shown for comparison in Figure 2A. The solid line shows the free-air
anomaly as measured by a gravimeter on the USS Elranin in the
Indian Ocean in 1971. The dashed line represents the free-air anom-
alies interpolated from the satellite gravity grid along the same pro-
file. It is apparent that the satellite data accurately resolve the salient
features seen in the shipboard profile but do not resolve the shortest
wavelength, low-amplitude features. Before using the satellite grav-
ity data for detailed studies, it is necessary to quantify this
agreement.

In order to quantitatively compare the resolution of the two
types of gravity measurements, we performed a spectral analysis on
76 000 km of coincident shipboard and satellite measurements in the
southern oceans. Although we used the highest quality data avail-
able, most of the data in the southern oceans were collected before
Global Positioning Satellite navigation was available and may con-
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Figure 2. Comparison of coincident satellite and shipboard free-air gravity
measurements. A: On profiles, satellite data (dashed line) resolve all but
smallest features seen in ship data (solid line). Thickened line shows
location of profile in Figure 3 (at ~90°E). B: Spectral coherence of 76 000
km of coincident ship and satellite gravity measurements shows very
high agreement (>0.5) for anomalies with wavelengths longer than ~35
km.

tain significant errors (~5 mgal) associated with poor navigation and
unmodeled turns. It is known that high-quality shipboard gravity
measurements generally have greater spatial resolution than satellite
gravity measurcments (Small and Sandwell, 1992; Neumann et al.,
1993) so in this study we use the shipboard data as ground truth. The
resolution of the satellite data for different wavelength anomalies is
given by the spectral coherence (Bendat and Piersol, 1986); high
coherence (>0.5) indicates good agreement between the two data
sets. The satellite and shipboard data both accurately resolve anom-
alies with wavelengths longer than ~35 km but become increasingly
incoherent at shorter wavelengths (<25 km) (Fig. 2B). If half-wave-
lengths as short as 13 km can be accurately resolved, then the gravity
anomaly of a small axial rise should be recoverable, and the broader,
larger amplitude axial-valley anomaly should be easily recognized in
the satellite data (see Fig. 5).

SPREADING RATE DEPENDENCE

The remote locations of most intermediate-spreading-rate
ridges on the primary ridge system (Fig. 3) have so far precluded a
thorough understanding of the factors controlling axial morphology.
In a survey of the morphology and tectonics of the Mid-Atlantic
Ridge, Macdonald (1986) compiled estimates of axial-valley relief on
several ridges and concluded that the axial valley disappears grad-
ually, at spreading rates between 50 and 90 mm/yr.

More detailed analyses of available underway bathymetry data
and satellite altimeter profile data have indicated that transitions
from slow- to fast-spreading ridge axis morphology occur in a fairly
narrow range of intermediate spreading rates. In a global study of
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Figure 3. Index map for areas considered In this study. Thick gray line
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Figure 4. Variation of ridge-axis morphology and gravity anomaly with
spreading rate. A: Axial topographic relief vs. spreading rate from Small
(1993). B: Axial gravity-anomaly amplitude measured at 646 locations on
ridges south of lat 30°S. Note colncident change in polarity and rate de-
pendence between 60 and 80 mm/yr. -

ridge-axis gravity anomalies using Geosat Exact Repeat Mission
profiles, we found that gravity anomaly amplitude decreases with
increasing spreading rate on slow-spreading ridges, whereas anom-
aly amplitude remains relatively constant on fast-spreading ridges o
Small and Sandwell (1989). The transition from rate dependence to
rate independence coincides with a polarity transition from the grav-
ity lows characteristic of slow-spreading ridges to gravity highs seen
at'fast-spreading ridges. The satellite coverage now available allows
us to determine more accurately the location of the ridge axis,
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Figure 5. Examples of ridge-axis transitions on ridges in southern oceans. Each satellite gravity map shows anomaly amplitude ranging from —20 mgal
(purple) to 20 mgal (red). In each region ridge axis changes from linear gravity high, characteristic of fast-spreading ridges, to linear low with flanking
highs, typical of slow-spreading ridges. Spreading-rate ranges are (A) 62-72 mm/yr, (B) 72-75 mm/yr, (C) 73-75 mm/yr, and (D) 5672 mm/yr.

thereby greatly reducing the chance of errors in estimates of the
location and polarity of the axial anomaly.

Although the marine gravity field is affected by seafloor density
variations and subseafloor structure, at short wavelengths (A <~100
km) it is controlled by seafloor morphology (Cochran, 1979). For this
reason, changes in the nature of the ridge-axis gravity anomaly are
assumed to correspond to changes in the morphology. Detailed
global studies of available ridge-axis bathymetry profiles by Small
(1993) and Malinverno (1993) support our previous findings (Small
and Sandwell, 1989) (Fig. 4A).

The spatial coverage offered by the receatly declassified satel-
lite gravity data is a significant improvement over the previously
available distribution of ship tracks and widely spaced satellite
tracks. To give a more complete picture of the nature of the tran-
sition from slow- to fast-spreading structure, 646 ridge-perpendicu-
lar gravity profiles have been analyzed along the entire ridge system
south of 30°S. The method described by Small (1993) was used to
measure peak to trough amplitudes for axial gravity anomalies
(Fig. 4B). As in previous studies we find a transition in the polarity
and rate dependence of the ridge-axis anomalies at spreading rates
between 60 and 80 mm/yr. The coverage offered by the satellite data
gives us a significant advantage over previous studies and provides
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not only a continuous set of profiles for every ridge segment in the
study area but also a more detailed knowledge of the location of the
ridge axis than was previously available.

INTERMEDIATE-RATE TRANSITIONS

Satellite gravity maps provide the first detailed look at the na-
ture of intermediate-spreading-rate transitions in the southern
oceans (Fig. 5). Although the smaller ridge-axis anomalies are near
the limit of the resolution for the satellite gravity data, it is apparent
from Figure 5 that the anomalies are generally well resolved and that
the characteristics of fast- and slow-spreading ridges can be distin-
guished. In these images the axial valleys, characteristic of slow-
spreading ridges, are indicated by linear gravity lows flanked on
either side by gravity highs. Axial ridges, characteristic of fast-
spreading ridges, are shown by smaller amplitude, linear gravity
highs. A SeaMARC II survey of the region shown in Figure 5C
(Palmer et al., 1993) supports these interpretations.

Although these transitions from slow- to fast-spreading-rate
structure occur within a narrow range of spreading rates, Figure 5
indicates that it may not always be spatially abrupt. In most cases
there appears to be a small region, between the well-defined axial
high and axial low, where a ridge-axis anomaly is not apparent. The
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absence of abrupt spatial transitions in the gravity data may accu-
rately reflect the nature of the seafloor morphology in these areas, or
it may result from the limited resolution of the satellite altimeter.

It is apparent that the transition from slow- to fast-spreading
structure is not controlled by spreading rate alone. Well-known ex-
ceptions to the patterns shown in Figure 4 exist on the slow-spread-
ing Reykjanes Ridge and in the faster spreading Australian-Antarctic
Discordance. The Southeast Indian Ridge contains several potential
transition areas that all have essentially the same spreading rate
(70-75 mm/yr). It seems likely that the thermal structure at the ridge
axis, which is controlled primarily by spreading rate, would exert the
ultimate control on the morphology. Phipps Morgan and Chen (1993)
discussed in greater detail the importance of thermal structure and
crustal thickness on ridge-axis morphology. At a single spreading
rate, local temperature variations may be considered perturbations
to the large-scale thermal structure, which is controlled by spreading
rate. This would suggest that ridge-axis morphology is controlled by
a threshold phenomenon that is sensitive to relatively small changes
in temperature (Small and Sandwell, 1989). A possible candidate for
such a threshold mechanism was proposed by Chen and Morgan
(1990), but more detailed surveys of transitions will be necessary to
test their model.

A factor influencing the nature of the transitions may be the
proximity of hot spots and the availability of melt at the ridge axis.
Asthenosphere produced at nearby hot spots may be channeled to
the ridge, as proposed by Vogt and Johnson (1975), where it may
affect the process of crustal accretion, indirectly controlling the axial
morphology. Royer and Schlich (1988) discussed the influence of the
Amsterdam-St. Paul hot spot on the ridge axis in the immediate
vicinity of the hot spot. Lava dredged from the ridge axis in this area
have been shown to be geochemically related to both the Amster-
dam-St Paul and Kerguelen hot spots (Michard et al., 1986). If as-
thenosphere migrates to the axis of the Southeast Indian Ridge along
the unnamed fracture zone that intersects the axis near long 86°E,
then it may contribute to the robust axial gravity high seen to the east
of the fracture zone. Similar arguments may be made for the shrink-
ing and eventual disappearance of the axial high on the Pacific Ant-
arctic Rise south of the Louisville hot spot (Fig. 5D). The axial
gravity anomaly also changes near the Bouvet Triple Junction on the
Mid-Atlantic Ridge, although a typical fast-spreading anomaly never
develops. An understanding of the transitions will require detailed
surveys of these areas, for which the satellite gravity data will be an
important reconnaissance tool.

CONCLUSIONS

Gravity maps derived from satellite data provide the first de-
tailed look at many mid-ocean ridges in the southern oceans. The
satellite gravity measurements used in this study accurately resolve
features with half-wavelengths longer than 13 km, thereby allowing
the location of the ridge axis to be mapped in much greater detail
than was previously possible. Amplitude and polarity measurements
of ridge-axis gravity anomalies in the southern oceans agree with
results of previous studies that showed a transition from spreading-
rate-dependent structure to rate independence at intermediate
spreading rates (60-80 mm/yr). Examples of these transitions are
seen on the Southeast Indian Ridge and the Pacific Antarctic Ridge.
Although geophysical and petrologic data are sparse in these tran-
sitional areas, we believe that the morphology is controlled by ther-
mal structure, which may be strongly influenced by asthenosphere
derived from nearby hot spots.
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