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Thermal Isostasy:

Spreading Ridges, Fracture Zones, and Thermal Swells

by
David Thomas Sandwell
Doctor of Philosophy in Geophysics and Space Physics
University of California, Los Angeles, 1981

Professor Gerald Schubert, Chair

vii



Some mesoscale variations in seafloor depth are maintained by
thermal buoyancy forces within the oceanic lithosphere. These features
are classified as spreading ridges, fracture zones, or thermal swells
depending upon their morphology. Recently, accurate measurements of
ocean geoid heights have provided a new data type which I use with other
geophysical observations to study these thermotectonic features and to
infer the thermal and mechanical structure of the oceanic lithosphere.

Correlations of geoid height with age over symmetric spreading
ridges are in agreement with predictions of several lithospheric cooling
that were proposed to explain the depth-age relation. Large uncer-
tainties in these geoid height-age estimates, which precluded discrimi-
nation among the cooling models, were reduced by examining geqid height
steps across the large age offset (~25 Myr) Mendocino fracture zone, FZ.
The more accurate FZ-derived geoid-age estimates demonstrate that the
lithospheric thermal structure deviates from the boundary layer cooling
model at a young age (20 - 30 Myr).

Small but systematic deviations between the model and observed
FZ geoid steps indicate that FZ's do not slip vertically. This no-slip
hypothesis is tested by comparing 5 bathymetric profiles crossing the
Mendocino and Pioneer FZ's to the predictions of a lithospheric flexure
model. Best fitting models have no-slip and require an increase in
flexural rigidity with age. The model also explains ridge and trough
type topography that is characteristic of both young and old FZ's.

The Hawaiian swell is also investigated, using geoid height and
bathymetry data. Compensation models demonstrate the lower two-thirds

of the lithosphere was replaced by hot mantle material. This litho-
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spheric reheating is modelled by an elastic-plastic lithosphere passing
through a three-dimensional heat source. The model generates heat flow,
bathymetry, and gravitational potential for an arbitrarily shaped heat
source. This general formulation also allows creation of spreading
ridge and FZ models by simply varying the heat source geometry. There-
fore, this model establishes a link between the three morphologically

distinct features.,
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INTRODUCTION

Horizontal temperature gradients within the oceanic lithosphere
produce many of the large scale morphological features that appear in
the seafloor topography including spreading ridges, fracture zones, and
thermal swells. Thermomechanical models of these features have been
developed primarily to match the observed bathymetry, heat flow, grav-
ity, and seafloor magnetic data. Recently, accurate measurements of
ocean geoid heights by the Geos-3 and Seasat radar altimeters have
provided an alternate information source for these thermotectonic fea-
tures. In this dissertation I use this geoid height data to re-examine
these features from a slightly different point of view.

Geoid height, unlike seafloor topography or surface heat flow,
is sensitive to the depth and horizontal extent of the stresses that
are maintaining the elevated seafloor. However, it is also influenced
by lateral density variations in the mantle. As I will show it is
difficult to separate the lithospheric geoid contribution from the
mantle geoid contribution. Therefore, I have used these data mainly
to test and refine existing models. In the few cases where the model
geoid heights systematically disagreed with the observed geoid heights,
I have used the differences to make new inferences about the thermo-
mechanical properties and structure of the oceanic lithosphere. While
confirming existing models appears to be a rather uninteresting

research topic, it has led to some unexpected and interesting results.



Furthermore this reinvestigation of spreading ridges, fracture zones,
and thermal swells, from a geodetic point of view, clearly demonstra-
tes that they originate from common physical processes.

This study is divided into three chapters corresponding to the
three main classifications of thermotectonic features. In Chapter 1
I examine the change in geoid height with crustal age for a number of
symmetric spreading ridges. Chapter 2 is devoted to the study of geoid
height and bathymetry across the Mendocino and Pioneer fracture =zones.
Finally, in Chapter 3 I investigate the relationship between geoid
height and bathymetry over the Hawaiian Swell. The underlying connec-
tion between these three types of thermotectonic features is presented
in the final part of Chapter 3 where I propose a general thermomechan-
ical model for the response of a moving lithosphere to a distributed
heat source.

Each chapter is composed of one or two research papers. Since
the papers were designed for publication, they contain separate intro-
ductions, conclusions, equation numbers, figure numbers, references,
etc. Also they do not contain some of the non-essential technical
aspects of the research. For completeness, I have added important
derivations and numerical calculation techniques as appendices to each
paper. None of the papers contains the background material that is
required to make a Ph.D. dissertation as nearly as self contained and
coherent as possible. The remainder of this introduction is de-
voted to this goal. The topics include: 1) A description of the

ocean geoid, 1i.e. what geoid undulations represent, how they are

measured,



and the type of errors they contain; 2) A discussion of how the ther-
mal and mechanical properties of the earth are used to constrain the
possible density structures that are consistent with the external grav-
ity field; 3) An overview of this dissertation to point out the
logical progression from one study to the next.

The geoid is defined as the equipotential surface of the earth
that coincides with the mean sea surface when it is undisturbed by winds
or tides. Suppose the earth was a uniformly rotating, self-gravita-
ting mass of inviscid fluid. It would be in a state of hydrostatic
equilibrium and its shape would be roughly an ellipsoid of revolution
(Clairaut, 1743). This ideal mathematical figure of the earth, called
the spheroid, has been calculated from the earth's rotation rate and
its radial density structure (Darwin, 1910). Geoid heights, which are
deviations of the geoid from the spheroid, result from deviatoric
stresses within the earth. -

Various methods have been proposed for determining geoid undula-
tions including integration of astrogeodetic observations, Stokes inte-
gration of surface gravity measurements, tracking of artificial satel-
lites, and satellite tracking of orbiting radar altimeters. A combin-
ation of the final two techniques has provided a remarkably accurate
determination of oceanic geoid undulations. The lower degree and order
spherical harmonic coefficients (4,m <36 Lerch et al., 1981)
are most accurately determined by precisely tracking orbital pertur-
bations of artificial satellites (Kaula, 1966). The higher harmonics

of the gravity field cannot be accurately determined by this technique



for two main reasons. First at typical satellite altitudes, the
orbital perturbations due to shorter wavelength variations in the
gravity field are small because of upward continuation. Second, the
amplitude of the gravity field decreases rapidly with increasing
degree (i.e. as 2_2, Kaula, 1969). This insensitivity of a satell-
ite's orbit to the higher harmonics of the gravity field is, however,
the ideal situation for an orbiting radar altimeter. Perhaps the
simplest, most accurate method of measuring the shorter wavelength
sea surface undulations is to place a satellite into a nearly circular
orbit and have the satellite continually monitor its own altitude
above the seasurface using a radar altimeter. This altitude is then
subtracted from the distance between the satellite and the earth's
center of mass to determine the geoid and ultimately the geoid height.
In practice, the altimeter technique has exceeded expectations
(Stanley, 1979). The largest errors arise from an incomplete know-
ledge of the satellite's radial position. Fortunately, these orbit
determination errors introduce long wavelength trends ( > 4000 km)
in individual altimeter profiles. Since the long wavelength geoid
undulations are known quite accurately, the altimetric data has been
combined with the low degree and order spherical harmonic coefficients
to produce an ocean geoid height model with an accuracy of less than
one meter on a 1° by 1° grid (Rapp, 1979; Marsh et al., 1981). The
data in this 1° by 1° form are used in Chapters 1 and 3 to investi-
gate symmteric spreading ridges and thermal swells, respectively.

In Chapter 2 I have used the individual altimeter profiles



since they contain the shorter wavelengths that are needed to resolve
the fracture zone geoid step. In this form, repeat passes of Seasat
altimeter data show significant coherence for geoid undulations with
wavelengths greater than 30 km and nearly perfect coherence within the
wavelength band 100 to 4000 km (Brammer and Sailor, 1981). Moreover,
in this wavelength band the signal to noise ratio is typically greater
than 50. These attributes of the altimeter data along with the global
oceanic coverage (i.e. a track spacing of 0.6 degrees at the equator)
make the data ideally suited for studying intermediate wavelength
tectonic features.

In the southern oceans Seasat coverage is nearly an order of
magnitude more complete than the bathymetric coverage. Indeed, these
data could be used to locate unsurveyed portions of fracture zones
and to identify large seamounts that have not been detected by other
geophysical methods. Before this can be attempted, however, we must
understand how seafloor bathymetry is reflected in geoid undulatioms.

The external gravity field is nonuniquely related to the inter-
nal mass distribution of the earth. Because of this, it is not clear
that there should be any relationship between geoid height and other
observables such as bathymetry and crustal age. However a knowledge
of the earth's thermal and rheological properties can be used to
"reduce" this nonuniqueness.

The primary source of rheological information comes from the
analysis of post-glacial rebound data. The rapid melting of the

Laurentide and Fennoscandia ice sheets approximately 17,000 years ago



produced a spatial redistribution of about 3x10l7 kg of water. The
earth's mechanical and gravitational response to this load shift is
revealed in time variations in eustatic sea level (Walcott, 1973).

A visco-elastic earth model with a 100 km thick elastic lithosphere
and a mantle with a constant viscosity of lO17 m2 s_l is consistent
with global time variations in sea level that have taken place over the
last several thousand years (Cathles, 1975; Peltier, 1976). From this
value of mantle viscosity or even directly from the emergence data it
is evident that the mantle relieves deviatoric stresses over a charac-
teristic time of 5000 years. The lithosphere, on the other hand, can
maintain deviatoric stresses for more than a few million years.

These ideas naturally led to the concept of isostatic compensa-
tion which plays a crucial role in this dissertation. Suppose that
mantle convection was shut off a few million years ago. Since the vis-
cous relaxation time of the mantle is much less than lO6 yr, the entire
earth, except for the higher viscosity lithosphere, would be in a state
of hydrostatic equilibrium; all geoid undulations would arise from
stresses within the lithosphere. Suppose further that the rheology of
the lithosphere is linear and isotropic. Under these conditions the
geoid height is an isotropic linear functional of the topography
(Dorman and Lewis, 1970). Moreover, the lithospheric density structure
is uniquely related to the gravity field and the topography.

As we all know,the earth does not satisify these ideal condi-
tions; however, it may come close. All compensation models that
have been proposed for seafloor topography including local compensation

models such as Airy or Pratt type compensation, regicnal compensation



models incorporating an elastic or viscoelastic lithosphere, and the
thermal compensation model presented in Chapter 3, predict that the
relationship between geopotential and topography is isotropic and
linear. This knowledge of the earth's rheology justifies the first
major assumption that is implicitly used throughout this dissertation:
a portion of the observed geoid undulations are coherent and in

phase with the seafloor topography.

The largest uncertainty in the interpretation of geoid height
comes from an incomplete knowledge of the deviatoric stresses associa-
ted with mantle convection. For wavelengths greater than about 1000
km, the geoid undulations associated with mantle convection are some-
times greater than the geoid heights arising from stresses within the
lithosphere. 1Indeed most of the data analysis in this dissertation
deals with separating the lithospheric geoid contribution from the
mantle geoid contribution.

In Chapter 1 we have assumed that the lithospheric contribution
to the geoid is correlated with the age of the lithosphere just as
seafloor depths are correlated with age. Moreover, we have assumed
that mantle convection patterns are on the average uncorrelated with
age. Certaintly, mantle flow and crustal age are correlated, at least
in the vicinity of the spreading center, because mantle material must
replace the void left behind by the moving plates. However, this up-
welling may produce only a small geoid sjignal. Indeed, some bounda-
ry layer convection models indicate that the subduction zones drive

the convection and ridges are the sites of passive upwelling (Turcotte



and Oxburgh, 1967; Hager and O'Connell, 1981). These ideas are also
consistent with the geoid height data since recently it was shown that
subduction zones are a dominant source of long and intermediate wave-
length geoid undulations (Kaula, 1980; McAdoo, 1981). However, the
final justification for treating the mantle geoid signal as uncorrela-
ted noise comes from the results of our own geoid height-age correla-
tions which show approximate agreement with the predictions of the
simple lithospheric cooling models.

The major problem that we encountered in this geoid height-age
study was that the amplitude of the uncorrelated geoid signal was some-
times greater than the amplitude of the correlated geoid signal.

This produced large uncertainties in the geoid height-age estimates.
To improve the signal to noise ratio we examined the step in the geoid
height associated with the large age offset (~25 Myr) across the
Mendocino FZ. (Chapter 2). In general, the FZ geoid step is smooth

and the overall change in geoid height takes place over a distance of
several hundred kilometers. However, the step is superimposed upon
longer wavelength geoid undulations that are apparently unrelated to
the FZ. The two signals were separated by fitting the gravitational
edge effect model (Dorman, 1975),plus a regional trend, to the observed
geoid height profiles. The parameters of the best fitting model pro-
vided an estimate of the overall geoid offset. These geoid offset
estimates were normalized by the age offsets along the FZ (Atwater and
Menard, 1970) to construct a geoid height-age relation for ages 15-135

Myr. As expected, the uncertainties in this geoid height-age



relation are less than one half the size of the uncertainties in the
geoid height-age estimates derived from the symmetric spreading ridges.
These smaller uncertainties allow us to demonstrate that the thermal
structure of the lithosphere, along the Mendocino FZ, begins to deviate
from the prediction of the boundary layer cooling model at a very
young age (20-30 Myr).

In the process of fitting the gravitational edge effect model to
the individual altimeter profiles we found a small but systematic dis-
crepancy between the model and the observations. Twenty-two of
the 28 profiles that we examined show a small depression on the older
side of the FZ that could not be matched by the model. We surmised
that the model failed because it did not account for thermal and
mechanical interactions between the lithospheric segments on either

side of the FZ. We first calculated the effect of thermal coupling on
the geoid step (i.e. lateral heat conduction). However, we found that
this only broadens the geoid step and does not produce the observed
asymmetry in the step. Next we investigated the effect of mechanical
coupling. If complete mechanical coupling occurs (i.e. no vertical
slip) then the lithosphere must flex to accommodate the difference in
subsidence rates across the FZ. Initial modelling showed that this
effect could explain much of the discrepancy between the observed and
model geoid steps but only if the Mendocino FZ did not slip vertically
at any time during its evolution. The model also predicted that the

bathymetry adjacent to the FZ should deviate by hundreds of meters

from the depth-age relation. Therefore, it could be tested by matching

it to the bathymetric data.



In the final part of Chapter 2 we examine five bathymetric pro-
files crossing the Mendocino and Pioneer FZ's at various ages to test
for the absence of vertical slip on the fossil fault planes. We model-
led the flexural part of the FZ topography using the thin elastic
plate model that was developed to explain the plate bending at subduc-
tion zones and surrounding large seamounts. However, we also had to
include the effects of both age-dependent flexural rigidity (Watts,
1978; Caldwell and Turcotte, 1979) and elastic coupling between the
Pioneer and Mendocino FZ's to adequately fit the observed profiles.

The results of forward modelling indicate that at least these two
FZ's have not slipped during their evolutions.

From a theoretical point of view, fracture zone flexure is
rather unique since it involves at least two interactions between the
thermal and mechanical structure of the lithosphere. First, the ampli-
tude of the flexure results from the difference in thermal subsidence
rate across the FZ. Second, the wavelength of the flexure is related
to the effective elastic thickness of the lithosphere, which is also
a function of the thermal structure.

These thermomechanical interactions will also be important for
other features such as thermal swells and spreading ridges when the

characteristic wavelength of the lithospheric thermal perturbation is

10



less than the flexural wavelength. In Chapter 3 I show that the

lower bound on the width of a thermal swell is governed by the flexural
wavelength. Thus, it is not a coincidence that thermal swells are
always wider than the flexural wavelength. In many cases linear sea-
mount chains and the flexural topography they produce are super-
imposed on thermal swells. The problem of separating these two types
of topography has not been considered previously. Those who have in-
terpreted the flexural topography adjacent to the Hawaiian-Emperor
seamount chain, have ignored the swell topography (Walcott,1970; Watts,
1978) while those who have modelled the Hawaiian swell have ignored the
seamount chain (Detrick and Crough, 1978; Crough, 1978). Even though
these two types of topography have different characteristic wavelengths,
they are nevertheless superimposed and there may be significant spec-
tral leakage between them.

In the first part of Chapter 3 we address the problem of sep-
arating the topography associated with the Hawaiian swell from the
topography produced by the Hawaiian-Emperor seamount chain. Geoid
height data were used to discriminate between the two
modes of compensation. Following the approach of Dorman and Lewis
(1970) the geoid and topography data were summarized by calculating
a linear isotropic, geoid height/topography transfer function. When
interpreting these transfer function estimates, however, we encoun-
tered a number of problems. First, we found that there was no single
physically reasonable compensation model that simultaneously fit
all of the transfer function estimates within their uncertainties. For

example, the best fitting local compensation model, with all of the

11



compensating masses lying within the lithosphere, did not fit the
longer wavelength (> 1100 km) transfer function estimates. Similarly,
the longer wavelength transfer function estimates could be fit by
forcing the compensating masses deeper (i.e. 40-80 km) but this model
failed to fit the shorter wavelength estimates. Therefore, we proposed
that the shorter wavelength topography, associated with the linear
seamount chain, is compensated at shallow depths (~14 km) while the
longer wavelength swell topography is compensated much deeper ( 40 -

80 km). Moreover, we assigned 1100km as the sharp crossover wave-
length between the two modes of compensation.

This study posed more questions than it answered. How can this
transfer function be physically interpreted in the crossover wavelength
band ( 500-1600 km)? How is the flexural topography distinguished
from the swell topography at a distance of 125 to 400 km away from the
seamount chain? Is the geoid height isotropically and linearly related
to the topography of the elongate thermal swell? Before these problems
could be addressed, we needed a theoretical model that could predict
the geoid height/topography transfer function for a thermal swell that
is created as the lithosphere moves over a hot spot. One-dimensional
models have been proposed to explain the subsidence of the swell
topography. However, to calculate the geoid height the lithospheric
reheating problem must be solved in three dimensions.

In the final part of Chapter 3 I derive a solution to the

12



three-dimensional reheating problem, which I use to calculate the
observable response of a moving lithosphere (i.e. the surface heat
flow, the seafloor topography, and the gravitational potential) to a
stationary embedded heat source. The heat source representation is
used as a means of rapidly heating or reheating the lithosphere with-
out introducing the nonlinear mathematics associated with upwelling of
mantle material at a spreading ridge or hot spot. From this linear
solution to the problem I demonstrate that the geoid/topography
transfer function for an elongate thermal swell is indeed linear

and it is nearly isotropic ( 10-207% anisotropic). A comparison of
this thermal transfer function with the flexure transfer function shows
that the two are partially éeparated in wavelength space at the flex-
ural wavelength, however, there is a rather broad wavelength band, 300-
1000 km where the two transfer functions overlap.

Perhaps the most important aspect of the thermomechanical model of
lithospheric reheating is that it can be used to calculate the surface
heat flow, the seafloor topography, and the geopotential for any time-
independent thermal structure. These models include: symmetric/anti-
symmetric spreading ridges, fracture zones, and arbitrarily shaped
thermal swells. Some of these thermotectonic features can be modelled
using other techniques, however the more general formulation of the
problem (Chapter 3) clearly demonstrates that the three morphologi-
cally distinct features, that I re-examine in this dissertation, have
a common physical connection; they are all isostatically compensated

by thermal buoyancy forces within the lithosphere.
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Geoid Height Versus Age for Symmetric Spreading Ridges

DAVID SANDWELL AND GERALD SCHUBERT

Department of Earth and Space Sciences, University of California at Los Angeles, Los Angeles, California 90024

Geoid height-age relations have been extracted from Geos 3 altimeter data for large areas in the North
Atlantic, South Atlantic, southeast Indian, and southeast Pacific oceans. Except for the southeast Pacific

area, geoid height decreases approximately linearly with the age of the ocean floor
of an isostatically p
model (Haxby and Turcotte, 1978). The geoid-age data for 0 to 80

about 80 m.y. in ag with the predicti

slopes of —0.094 + 0.025, —0.131 + 0.041, and

for ages less than
d thermal boundary layer
m.y. are consistent with constant

=0.149 + 0.028 m/m.y. for the South Atlantic, southeast

Indian, and North Atlantic regions, respectively. For ages greater than 80 m.y. the geoid-age relation for

the North Adlantic is nearly flat, indicating a

INTRODUCTION

It has long been recognized that the horizontally rigid
plates sliding across the earth are the surface expressions of
large-scale mantle convection. The plates themselves are
thermomechanical boundary layers associated with con-
vection at highly supercritical Rayleigh number [Turcotte and
Oxburgh, 1967; Schubert, 1979). The density variations associ-
ated with the lithospheric boundary layer contribute signifi-
cantly both to the forces driving the plates [Hager, 1978; Schu-
bert, 1980] and to the departures in the shape of the earth
(geoid) from hydrostatic equilibrium [Kaula, 1972). Density
anomalies not associated with the thermal structure of the
lithosphere also contribute to the geoid and tend to mask the
lithospheric signal.

A theoretical lithospheric geoid signal has been derived by
Haxby and Turcotte (1978] by using a long-wavelength, flat
earth approximation to the geoid height N of an isostatically
compensated thermal boundary layer:

o 2760 (Tn = Tk 2p,0(Tw = To)
. BSrer- ]x o)

where g is the acceleration of gravity, G is the gravitational
constant, a is the thermal expansion coefficient, (T, — To) is
the temperature difference across the surface thermal bound-
ary layer, « is the thermal diffusivity, p,, is mantle density, p,,
is seawater density, and ¢ is the age of the crust. Equation (1),
which is based on the indefinite growth of a thermal boundary
layer at the upper boundary of a cooling semi-infinite haif
space, predicts that geoid height should decrease linearly with
increasing crustal age. Chapman [1977] has found that geoid
height decreases with crustal age for individual tracks of Geos
3 data crossing the southwest Indian ridge. A similar decrease
has also been observed [Haxby and Turcotte, 1978; Haxby,
1979] for tracks of Geos 3 data that cross a number of spread-
ing ridges, including one that crosses the northern Mid-Atlan-
tic Ridge. That particular track shows a decrease consistent
with a linear geoid height-age relation of slope —0.16 m/m.y.
for ages less than 50 m.y. For at least this one track it is appar-
eat that the part of the geoid due to density anomalies associ-
ated with lithospheric cooling and subsidence is dominating
the overall convective signal. However, as we will see in the
following section, a geoid height-age dependence is not usu-
ally apparent when observed geoid height contours are super-

N
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reduction in the rate of boundary layer thickening with age.
The uncertainties in the geoid slope-age estimates are positively correl

d with spreading velocity.

imposed on isochrons of the world’s oceans. Thus the signal of
the isostatically compensated oceanic lithosphere is hidden in
the observed geoid. It is not even clear that this signal can be
extracted from the data, since its predicted magnitude is 10-15
m (see the model results of Figure 7) while typical geoid un-
dulations are 33 m [Kaula, 1966]. We will show that the lithos-
pheric contribution to the geoid can be obtained from obser-
vations. Moreover, we will demonstrate that the signal is
consistent with the theoretical linear geoid height-age relation
for young ages but deviates from it for ages greater than 80
m.y.

Our study is made possible by the extensive oceanic cov-
erage of the Geos 3 altimeter. These sea surface measurements
are ideally suited to the study of the variations of the gravita-
tional potential over spreading ridges because the signal-to-
noise ratio of these data is near its peak for wavelengths be-
tween 800 and 4000 km. In contrast, the signal-to-noise ratio
for shipboard gravity measurements is low in this wavelength
interval (Chapman and Talwani, 1979).

DATA ANALYSIS

Sea surface heights averaged over 1° by 1° arsas were ob-
tained from processed Geos 3 altimeter data (Rapp, 1979). The
relatively small deviations between the sea surface and the
geoid caused by oceanic circulation were neglected in this
analysis. Age data taken from Pitman et al. 1974] were aver-
aged over 2° by 2° areas since there was insufficient resolution
for reliable 1° by 1° averages. Crustal ages for 2° by 2° areas
in the Cretaceous quiet zone (85-110 m.y.) were obtained by
linearly interpolating between magnetic lineations. Four oce-
anic regions containing both geoid and age data were chosen
for study. The boundaries of these regions were adjusted to in-
sure that equal areas of seafloor were contained within each §
to 10 m.y. time interval on either side of the ridge. Figure 1
shows the outline of each area. The velocity vectors indicate
present-day plate motions [Minster and Jordan, 1978).

Figure 2 shows a contour map of the geoid (heavy lines) su-
perimposed upon age contours (dashed lines) for the region in
the South Atlantic. There is no geoid height-age relationship
obvious on the basis of a visual inspection of these contours. If
geoid height were strictly related to age, the contours would
be parallel, and geoid heights would be symmetric about the
ridge. However, a large-amplitude long-wavelength geoid un-
dulation, trending roughly NW to SE, effectively masks the
age-dependent signal. Geoid height and age contours in either

15
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Fig. 1.

World map outlining areas chosen for geoid height-age analysis. Dots represent earthquake epicenters. Arrows

are present-day spreading velocities (Minster and Jordan, 1978).

the southeast Pacific or the southeast Indian Ocean areas out-
lined in Figure | also have no apparent visual correlation. In
the area of the North Atlantic (Figure 1), though geoid height
contours are symmetric about the ridge, they are not parallel
to isochrons because of a long-wavelength trend in the geoid
parallel to the ridge (Figure 3).
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Fig. 2. Geoid height contours (solid curves) and isochrons
(dashed curves) superimposed for a large portion of the South Auan-
tic. Geoid heights are contoured at 2 m intervals and ages are con-
toured at 10-m.y. intervals. Geoid height contours were made from
digitized 2° X 2° averages.

In order to extract a geoid height-age relation from the data
we have calculated the time rate of change of geoid height in
the direction of increasing age. This procedure eliminates
geoid height variations parallel to the isochrons. Long-wave-
length antisymmetric trends across the ridge can be removed
by averaging geoid slopes over equal areas within a given time
interval on either side of the ridge ([Chapman, 1977]. The slope
of the geoid in the direction of increasing age dN/at is ob-
tained by taking the scalar product of the horizontal gradient
of geoid height V,N with the horizontal gradient of crustal
age V.

N VN Vg
at AR @

Age gradients were computed on a 2° by 2° grid using a
first difference formula and the 2° by 2° average age data. A
geoid height gradient was obtained at the same point as an
age gradient by determining the slope of the plane which best
fit the 16 nearest 1° by 1° geoid height determinations. Geoid
slopes on the 2° by 2° grid were then calculated from (2).
These individual slopes were weighted by the latitude-depen-
dent area of each 2° by 2° square before averaging the slopes
within a given time interval. The slope of any 2° by 2° area
that straddled a ridge was not included. Most slope estimates
were based on averages over 10 to 40 times the area in a 2° by
2° square at the equator. The standard deviations of the aver-
age slope estimates were also computed from the individual
slopes within each time interval. The magnitudes of the stan-
dard deviations are measures of the contributions of density
anomalies not directly related to age to the mean slope esti-
mates.

The 2° grid spacing used above eliminates geoid undula-
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Fig. 3. Geoid heights (solid curves) superimposed on age contours
(dashed lines) for a region of the North Atlantic. The geoid is con-
toured at 4-m intervals, and ages are contoured at 15-m.y. intervals.

tions and age variations with wavelengths shorter than several
hundred kilometers. The gradient operation prewhitens the
data by dividing their spectra by the wavelength. This sup-
presses the longest wavelengths and removes the mean.

RESULTS

Time rates of change of geoid height in the direction of in-
creasing age for all four oceanic areas are shown in Figure 4.
Each data point is the average geoid slope within either 5 m.y.
time intervals for the southeast Pacific (Figure 4d) and south-
cast Indian (Figure 4c) Ocean areas or 10 m.y. time intervals
for the North Atlantic (Figure 4a) Ocean and South Atlantic
(Figure 4b) Ocean areas. The vertical bars represent 1 stan-
dard deviation of the mean. Each dashed horizontal line is the
best fitting (in the least squares sense) constant slope approxi-
mation to the geoid-age relations for ages less than 80 m.y.
The maximum ages range from 50 m.y. for the southeast In-
dian Ocean area to 130 m.y. for the North Atlantic Ocean
area. The upper limits on ages within each area were set by
the availability of symmetric age data. Figure 5 shows the
geoid height versus age curves for the four oceanic areas ob-
tained by integrating the mean values of the geoid slope ver-
sus age data of Figure 4. Table 1 is a compilation of all the
data shown in Figures 4 and 6.

North Atlantic

The slope estimates for the North Atlantic are negative and
statistically different from zero for ages less than 80 m.y. The
estimates for greater ages are close to zero and have relatively
small uncertainties. A best fitting constant slope was deter-
mined to test the prediction of (1). For the 0 to 80 m.y. age in-
terval the mean of the slope estimates weighted by the inverse
of their variances is —0.149 + 0.028 m/m.y. The constant
slope approximation lies within 1 standard deviation of all the
slope-age estimates between 0 and 50 m.y. (Figure 44). The
data in the interval 50 to 80 m.y. are not closely approximated
by the best fitting constant slope. However, these data have
relatively large uncertainties, and therefore they have rela-
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Fig. 4. Estimates of the slope of the geoid in the direction of in-
creasing age,asa function of age, for each of the four oceanic regions
outlined in Figure 1. Error bars represent | standard deviation.
Dashed line is the best fitting constant slope between 0 and 80 m.y. (a)
North Atlantic, (b) South Atlantic, (¢) SE Indian, (d) SE Pacific.

tively little influence on the value of the best fitting constant
slope.

The individual slopes contributing to the mean slope esti-
mates between 50 and 80 m.y. have a nearly bimodal distribu-
tion; i.e., they cluster into two groups on either side of the
mean. The group with the more negative slopes derives from
the region north of 30°N. The portion of this region between
the 70-m.y. isochrons (Figure 3) contains both broad residual
depth and gravity anomalies [Sclater et al., 1975; Cochran and
Talwani, 1977, 1978]. We believe that the anomalous slope in
the topography along the perimeter of the residual depth
anomaly causes the anomalous geoid slopes in the S0 to 80
m.y. age interval. To substantiate this hypothesis, we com-
puted separate slope estimates for the region lying north of
30°N (Figure 6, solid circles) and for the region lying south of
32°N (Figure 6, open circles). Within the 50 to 80 m.y. age in-
terval the slope estimates for the two regions are quite differ-
ent.

The integral of the slope-age data for the entire North At-
lantic (solid line, Figure 5) yields a drop of 18 m in 90 m.y. If
the data north of 32°N are excluded, the drop in the geoid
height is only 12.5 m in 90 m.y.

South Atlantic

The estimates of geoid slope are nearly constant in the 0 to
80 m.y. age interval. The best fitting linear geoid slope-age re-

Age (Myr)

Geoid Height (m)

Fig. 5. Geoid height-age relations obtained by integrating the
slope estimates of Figure 4. North Atlantic (solid line), South Atlantic
(dashed line), SE Indian (dash-dot line), SE Pacific (dotted line).
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lation for the South Atlantic, —0.094 £ 0.025 m/m.y., lies
within 1.25 standard deviations of all of the slope estimates in
the age range 0 to 80 m.y. (Figure 4b). The one slope estimate
for ages greater than 80 m.y. is nearly zero. The relatively
small uncertainties in the data and the good overall fit of the
constant slope approximation to the geoid height-age rela-
tion between 0 and 80 m.y. indicate that a linear geoid height-
age relation is consistent with the data from the entire South
Atlantic. The integral of the slope-age estimates (dashed line
in Figure 5) has a 6 m decrease in the 0 to 80 m.y. time span.

Southeast Indian Ocean

The available data for this area extend only to 50 m.y., and
the uncertainties in most of the slope estimates are larger than
in the Atlantic regions (Figure 4c). The best fitting constant
slope of —0.131 £ 0.041 m/m.y. lies an average of 1.3 stan-
dard deviations away from the data. Integration of the slope
estimates yields a geoid height-age relation (dash-dot line in
Figure 5) with an 8.5 m decrease in 50 m.y.

Southeast Pacific

In contrast to the other oceanic areas, geoid height in the
southeast Pacific region does not appear to decrease with age
(Figure 4d). The overall drop in geoid height (dotted line in
Figure 5) between the ages of 0 and 60 m.y. is only 1.5 m. The
best fitting constant slope of —0.041 + 0.054 m/m.y. lies more
than | standard deviation away from 5 of the 11 slope esti-
mates. The data within the 20 to 45 m.y. interval are in-
compatible with a geoid height-age relation of constant nega-
tive slope. The slope-age data in this age band reflect the
geoid high centered over the Peru-Chile trench. In general,
the free air gravity high associated with a subduction zone
and its outer rise extends no more than a few hundred kilome-
ters seaward of the trench axis [Watts and Talwani, 1974}
However, all major subduction zones have a geoid high ex-
tending roughly 2000 km [McAdoo, 1980] from the trench
with an amplitude of more than 20 m [Rapp, 1979]. The geoid
anomaly associated with the Peru-Chile trench contributes
positive values to siope estimates for seafloor with ages be-
tween 10 and 45 m.y. on the east side of the east Pacific rise.
As a result, the decrease in geoid height associated with litho-
spheric cooling is effectively offset in this age interval by the in-
crease in geoid height with proximity to the treach. The fail-
ure to extract a meaningful geoid height-age relation in the
southeast Pacific could also be due to the complicated ridge
geometry, i.c., the presence of a triple junction, and to the
presence of fossil spreading ridges.

DISCUSSION AND SUMMARY

The general results of the geoid slope-age analysis are the
following:

1. Geoid height-age relations associated with lithospheric
cooling can be extracted from the observed geoid over oceanic
areas.

2. The North Atlantic, South Atlantic, and southeast In-
dian Ocean regions all have geoid heights which decrease
pearly linearly with age for ages less than about 80 m.y., con-
sistent with the signature of an isostatically compensated cool-
ing lithospheric plate. )

3. The slope of the geoid in the direction of increasing age
is close to zero in the North Atlantic for ages greater than 80
m.y. Only one data point is available for the South Atlantic
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Fig. 6. Estimates of the slope of the geoid in the direction of in-
creasing age, as a function of age, for the North Atlantic north of
30°N (solid circles) and south of 32°N (open circles). The error bars
represent | standard deviation. The region north of 30°N contains a
broad residual depth anomaly.

for ages exceeding 80 m.y. At 85 m.y. the geoid slope in the
South Atlantic is also close to zero.

4. Geoid undulations that are unrelated to crustal age
cannot be completely removed by the above data analysis
technique.

One other conclusion that can be drawn from Figures 1 and
4 is that the uncertainties in the geoid slope estimates have a
positive correlation with spreading velocity. This correlation
was unexpected, but in retrospect it is easy to explain. Uncer-
tainties in the slope estimates arise from geoid anomalies that
are unrelated to age. Since fast spreading ridges (half-rate 3-
10 cm/yr) have more seafloor area per time interval than slow
spreading ridges (half-rate 0~3 cm/yr), there are more age-in-
dependent geoid anomalies per time interval in the faster
spreading oceans. When this is combined with the fact that
the change in geoid height per time interval is nearly inde-
pendent of spreading velocity, it is not surprising that this un-
certainty-velocity correlation exists. This observation suggests
that the best geoid height-age results will come from a reana-
lysis of the southwest Indian ridge by using more data than
were available to Chapman [1977]. .

Through (1), the slopes of the observed geoid height-age re-
lations (Figure 4) can be used to constrain the value of the
product ax(T,, — T;) appropriate to the oceanic upper mantle.
The values of a, x, and T,, = T, derived from the empirical
depth-age and heat flow-age relations for the North Atlantic
[Parsons and Sclater, 1977}, yield a slope of —~0.16 m/m.y.
This lies within the error bounds of the best fitting constant
geoid slope-age relations (ages < 80 m.y.) for both the North
Atlantic and southeast Indian oceans. For the South Atlantic
a slope of —0.16 m/m.y. falls below all of the uncertainties in
the 0 to 80 m.y. slope estimates. More work needs to be done
in this region to determine if the depth, heat flow, and geoid
data are mutually consistent with the isostatically com-
pensated thermal boundary layer cooling model. The lithos-
pheric cooling model cannot explain the observed geoid
slope-age relation for the southeast Pacific region. Since this
relation (Figure 44) is significantly different from the observed
geoid slope-age relations of the other three regions, we believe
that the lithospheric cooling signal was not successfully ex-
tracted from the geoid observations in the southeast Pacific.
The geoid anomaly associated with the Peru-Chile trench and
the complications associated with the presence of a triple
junction and a fossil spreading center in the area of study con-
tribute to the difficulty in deducing the lithospheric geoid sig-
nal in the southeast Pacific.

The observed flattening in the geoid height-age relation for
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ages greater than 80 m.y. in the North Atlantic cannot be ex-
plained by the boundary layer cooling model. Accordingly,
we have investigated the possibility that the flattening might
be understood in terms of a plate cooling model. In this model
[see, e.g., Parsons and Sclater, 1977] a plate of constant thick-
ness [ cools to the surface; both the surface temperature T,
and the temperature at the base of the plate T, are held con-
stant. Parsons and Sclater [1977] have given analytic formulas
for the depth of the ocean D(f) and the thermally induced
density anomaly in the plate. These formulas together with
the Ockendon and Turcotte [1977) approximation for the geoid
height N can be used to derive the geoid height-age relation
for the cooling plate model. The result is

Ny = 2;'6’1 {@a=p0 2 (” + @ (To = To)
LR P LE (—n’a))} )
where
¢ = /P @
apn(To = To) exp [—(2n — l)’er]
po- FER-SE 2GR o

A flat earth approximation and the neglect of horizontal heat
conduction have been assumed in deriving (3).

Figure 7 shows geoid height versus age for the cooling plate
model with x = 8 X 10~ cm?/s, a = 3.1 X 10~ K™, p,,, = 3.33
g/cm’, p, = 1.025 g/cm®, T,, = 1365°C, T, = 0°C, / = 128 km,
and g = 982 cm/s. These parameter values are the same as
those used by Parsons and Sclater [1977] for the North Atlan-
tic. Figure 8 shows the geoid slope of this model as a function
of age together with the data for the North Atlantic from Fig-
ure 4. The model shows a flattening in the geoid height-age
relation and a geoid height which approaches 15 m at old ages
(Figure 7). Parsons and Richter [1980] have shown that the
ridge driving force can be related to the lithospheric geoid
anomaly. For a geoid anomaly of about 15 m they obtain a
driving force of about 3.5 X 10'* dyne/cm. The geoid slope-
age relation of this particular model does not compare espe-
cially well with the data (Figure 8), which appear to show a
more abrupt change from a nearly constant nonzero value of
. slope to an approximately zero value near 80 m.y.

The observed flattenings of the depth-age and heat flow-
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Fig. 7. Geoid height versus age for a cooling plate model of the
oceanic lithosphere. The model and parameter values are described in
the text.

[
-
\

< Age (Myr)
3 40 80 |3 160
2 , T3
£

w O

&

3 -0.2

0]

Q.

503

I

O _oal

Fig. 8. Geoid slope versus age for the cooling plate model of Figure
7 together with the data for the North Atlantic from Figure 4.

age [Parsons and Sclater, 1977] and geoid-age relations in-
dicate that heat is being introduced into the base of the old
oceanic lithosphere. Possible heat sources include shear heat-
ing [Schubert et al., 1976] and small-scale convection [Richter
and Parsons, 1975; Parsons and McKenzie, 1978). To discrimi-
nate between these various models, the thermal boundary
layer signal must be removed from the depth, heat flow, and
geoid observations. The results of this study provide an empir-
ical geoid height-age relation that can be removed from the
geoid over large oceanic areas, so that the smaller scale upper
mantle heat transfer mechanisms can be further investigated.

Finally, we note that significant extensions of this study
may be possible by using age data from magnetic lineations
identified since the Pitman et ai. [1974] compilation and from
Deep-Sea Drilling Project drill sites and ages inferred from
rigid plate rotations. This would facilitate both higher resolu-
tion in areas already studied and inclusion of additional areas
into the data base.
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Appendix A. Derivation of the Geoid Height-Age Relation for

the Plate Cooling Model

The temperature versus depth and age for a one-dimensional

plate cooling model of the oceanic lithosphere is (McKenzie, 1967)
T(t,z") =T +(T -T) (2" + 32 sin(m2])  exp(-ner) | (a-1)
’ o m o T

where t is the lithospheric age, z' is the depth beneath the sea-
floor normalized by the lithospheric thickness 4, T0 is the surface
temperature, Tm is the temperature at the base of the lithosphere,

and

(A-2)

where Kis the thermal diffusivity. The subsidence of the seafloor
away from the ridge crest, normalized by the lithospheric thick-

ness, is (Parsons and Sclater, 1977)

apm(T -T)

D(t) = m o 1-8 exp (- (2n-l) ct) (4-3)
2(pm - pw) ( Z (2r~-1)

where &« is the coefficient of thermal expansion and Py is the
mantle density.

Ockendon and Turcotte (1977) have shown that for isostatically
compensated topography, with a characteristic wavelength that is

much greater
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than 27 xthe depth of compensation, the geoid height is approxi-

mately

(o]

N(t) = _ch /P(t,Z) z dz (A-4)
0

where G is the gravitational constant and g is the acceleration
of gravity. It is not clear that this long wavelength approxi-
mation is valid for the plate cooling model. However, we will pro-
ceed with the derivation. In Chapter 3 we check the approximation
by calculating the exact geoid height- age relation for the plate
cooling model. From the exact calculation we demonstrate that the
O-T approximation works remérkably well for this model.

As in the depth-age calculation,we assume that temperature
and density are related linearly by the coefficient of thermal

expansion as follows:
ple,z) = p (1 + a(T_ - Tt,2") (A-5)
Since we are interested In variations in geoid height we subtract

the ridge crest density-depth function from the density structure

at all ages

23



p(t,z) = (;ow - pm) 0 < z<D(t) (A-6)

ap(T - T(t, z-D(t)))  D(t) < z<1+D(t)

Inserting this density/depth function into (A-4) we find

5 D(v) )
N(t) = 2G4 (B -p)z dz - "—’;G—@apm (T -T)
0
1 e e]
f I:l -z' - %Z: -sir%lﬂ'—) exp(—nzct):’ (z'+D(t)) dz'
0 n=1

(A-7)

The second integral is evaluated by interchanging the order of
summation and integration. The interchange is valid for all t>0;
when t=0 the series is not uniformly convergent and N(0) is

undefined. For greater ages the geoid height-age relation is

2 2
N(t) =ig”G—" [(pm -p) B8 4 ap (1 o1 <% + 727_2
® n
Z (—l% exp(-nzct))} (A-8)
n=]_ n / :
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FRACTURE ZONES
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GEOID HEIGHT-AGE RELATION FROM SEASAT ALTIMETER PROFILES
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ABSTRACT

Twenty-eight Seasat altimeter profiles crossing the Mendocino Fracture
Zone are used together with seafloor ages determined from magnetic lineations
to estimate the change in oceanic geoid height with age, between aqges of 15
and 135 Myr. An unbiased estimate of the overall geoid offset along each
profile is determined from a least-squares fit of the along track derivative
of the geoid to the geoid slope predicted from a simple two-layer gravitational
edge effect model. Uncertainties based upon the statistical properties of each
profile are also determined. A geoid slope-age relation is constructed by
normalizing the geoid offsets and uncertainties by the age offsets. The
results are in agreement with geoid slope-age relations determined from sym-
metrically spreading ridges (Sandwell and Schubert, 1980). However, the fracture
zone estimates have smaller uncertainties and show less scatter. A comparison
of these results with the geoid slope-age prediction of the boundary layer
cooling model shows that the thermal structure begins to deviate from this
model at an early age (20 to 40 Myr). A plate cooling model with a thickness
of 125 km is most compatible with the geoid slope-age estimates althouah sig-
nificant deviations occur; these mav indicate that the lithospheric thermal

structure is not entirely age dependent.
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INTRODUCTION

It is generally accepted that the oceanic lithosphere is the surface
thermal boundary layer of a mantle convection system (Oxburgh and Turcotte,
1978). According to boundary layer theory (Turcotte and Oxburgh, 1967), the
cooling and contraction of the oceanic lithosphere as it slides away from the
ridge crest results in a surface heat flow which decreases with the age of the
crust t as t'li and a seafloor depth which increases with crustal age as t%.
Boundary layer theory correctly predicts the observed surface heat flow-age
relation for seafloor as old as 110 Myr (Lister and Davis, 1976; Sclater and
Parsons, 1976; Parsons and McKenzie, 1978). However, the observed depth-age
relation begins to flatten from tﬁe tLi law for ages greater than about 70 Myr
(Parsons and Sclater, 1977). This flattening in the average depth-age relation
indicates a reduction in boundary layer thickening with age; theory predicts
that the surface thermal boundary layer grows in thickness proportionately
to t%. Any mechanism which supplies heat to the base of the lithosphere can
retard its rate of cooling and thickening with age. Shear heating in the
asthenosphere (Schubert et al., 1976), small scale convection driven by boundary
layer instability (Richter and Parsons, 1975), large scale upwelling due to
internal heat sources (Jarvis and Peltier, 1980) and lithospheric thinning by
hot spots (Heestand and Crough, 1981) are all possibilities. The cooling of a
constant thickness plate (McKenzie, 1967) provides a mathematical model of
limited boundary layer growth although it cannot discriminate among the physical
processes that may be responsible for it.

Accurate measurements of the ocean geoid by the GE0S-3 and Seasat radar
altimeters have provided a further constraint on the thermal structure of the

cooling lithosphere. Boundary layer theory predicts that geoid height decreases
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linearly with age with a slope of approximately -0.15m Myr"1

(Haxby and Turcotte,
1978). This linear decrease in geoid height with age, for ages up to 50 Myr,

has been observed on GE0S-3 profiles crossing both the Southwest Indian Ridge
(Chapman, 1977) and the Mid-Atlantic Ridge (Haxby and Turcotte, 1978; Haxby,
1979). For many spreading ridges, however, long wavelength geoid undulations
that are unrelated to lithospheric cooling tend to mask the age-dependent geoid
signal. Despite this difficulty, the signal can be recovered (albeit with some
degree of uncertainty) from geoid height measurements over symmetrically spread-
ing ridges or fracture zones with large age offsets. For symmetrically spreading
ridges, the portion of the geoid that is related to the age of the 1ithosphere

is symmetric in age about the ridge and invariant along isochrons. By using this
a priori knowledge of the properties of the geoid signal associated with 1itho-
spheric cooling, Sandwell and Schubert (1980) have extracted geoid height-age
relations from the observed geoid for large areas in the north Atlantic, south
Atlantic, southeast Indian and Southeast Pacific oceans. Except for the southeast
Pacific region the data are consistent with the Tinear decrease predicted by

the thermal boundary layer cooling model for ageg less than about 80 Myr. For
greater ages, however, the observed geoid height-age relations suggested a
reduction in the rate of boundary layer thickening with age. In fact, these

data are also consistent with plate cooling models having thicknesses of about
125 km, as we show later.

An alternate method of extracting the geoid signal associated with 1itho-
sphere cooling is to measure the offset in geoid height across a fracture zone
(Crough, 1979). Furthermore, if the age offset is known, a geoid height-age
relation can be constructed. One advantage of this technique is that the change

in geoid height across a fracture zone FZ occurs over a relatively short distance
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(several hundred kilometers). Thus, the regional geoid undulations, which are
dominant at wavelengths greater than a few thousand kilometers, can be dis-
tinguished from the shorter wavelength geoid step. Crough (1979) has estimated
kthe geoid step across the Mendocino FZ using GEOS-3 altimeter data and has found
that the step estimates are consistent with the thermal boundary layer model

if the thermal diffusivity of the lithosphere is 3.3 x 107/ m® s™l. This
value of diffusivity is, however, less than one-half the value needed to
account for the observed depth-age relation. Crough (1979) suspected that
systematic errors in the estimates of the geoid step may have biased his
estimate of the diffusivity. Indeed, the geoid step observed in Seasat altim-
eter profiles crossing the younger portion of the Mendotino FZ are well matched by
the gravitational edge effect model (Dorman, 1975) using the age-dependent

thermal structure of the boundary layer cooling model with a more reasonable
diffusivity of 8 x 10'7 m2 s'1 (Sandwell et al., 1980). As pointed out by

Detrick (1981), the systematic bias in the geoid step estimates made by Crough
(1979) occurs because the actual geoid step is smooth (i.e. 90% of the step
amplitude takes place over a distance of several hundred kilometers) while

the fitting function that was used to estimate the step assumes that the

entire step takes place over a distance of 200 km (Crough, 1979). By correct-

ing for this bias in the step estimation procedure, Detrick (1981) has found

that the age variation of the step in the geoid height across the Mendo-

¢ino FZ is consistent with the prediction of the thermal boundary layver

model for ages less than about 30 Myr. At greater ages (30 - 60 Myr)

however, Detrick's (1981) geoid height step estimates are better explained

by a plate cooling model with a 100 km thick 1lithosphere.

In this study we estimate the geoid height-age relation from Seasat
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profiles crossing the Mendocino FZ for ages between 15 and 140 Myr.

Rather than estimate the geoid height offset using the method described by
Crough (1979), we use a fitting function that morebc1ose1y approximates the
observed smooth step-like variation in the geoid across the fracture zone.

The advantages of this technique are that the estimate of the overall step

in geoid height is unbiased and the uncertainties in the step estimate truly
reflect geoid undulations that are unrelated to the thermo-gravitational edge
effect. In the following sections we discuss the fitting procedure and the
geoid height and age data. We then construct the geoid height-age relation and
compare it with independently determined estimates (Sandwell and Schubert, 1980;
Detrick, 1981). Finally, we discuss the implications of the derived geoid

height-age relation for thermal models of the oceanic upper mantle.

THEORY FOR ESTIMATING THE GEOID STEP

The long wavelength, flat earth approximation (Ockendon and Turcotte,
1977) to the geoid of an isostatically compensated cooling lithosphere shows
that geoid height depends only upon the age of the lithosphere. While this
long wavelength approximation (i.e. the characteristic wavelength of horizontal
density variations >> 2w times the average depth of compensation) is valid
for the rather smooth lateral changes in density associated with seafloor
spreading, it should not be used to model the geoid step across the sharp age
and density contrasts at a FZ. Because of the gravitational edge effect
(Dorman, 1975), geoid height across a FZ is smooth and occurs over a charac-
teristic distance of 2m times the average compensation depth. Thus, the

overall amplitude of the geoid step can only be determined from the differ-
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ence between geoid heights far (i.e. >> 300 km) on either side of the FZ. In
theory, this is a valid method of estimating the geoid offset. However, in
practice this step measurement technique fails because the smooth FZ geoid
signal is generally superimposed upon much larger amplitude geoid undulations
that are unrelated to the FZ. This problem can be alleviated somewhat by
measuring the geoid offset between two points closer to the FZ (e.g. 100 km
on either side of the FZ), in which case the regional geoid will not have as
large an effect upon the step estimate. However, only a portion of the step
will then be measured. Thus, it is apparent that the entire geoid step cannot
be observed in the presence of long wavelength noise (noise in this case is
the part of the geoid that is unrelated to the FZ). It is only in the immed-
jate vicinity of the FZ (i.e. within 100 km) that its geoid signal can be
unambiguously identified. The overall amplitude of the geoid step must there-
fore be extrapolated from the small portion of the step that stands out from
the regional geoid. This requires the introduction of a FZ model whose
parameters are determined from a fit of the model geoid to the observed qeoid
in the vicinity of the FZ. An extrapolation of the model geoid to distances
far from the FZ then provides an estimate of the overall geoid step.

To perform this extrapolation properly, the model must contain the basic
characteristics of the FZ density structure. However, it must have only a few
adjustable parameters and the geoid for the madel must be easily evaluated so
that it is useful as a fitting function. The simple two-layer model shown at
the bottom of Figure 1 satisfies these requirements. It is derivable from the
more physical model in the middle of the figure which shows two adjacent iso-
statically compensated quarter spaces with ages t1 and t2 and densities p(z,tl)

and p(z,tz) (z is depth). Since we are concerned with the change in geoid height
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Figure 1. Gravitational edge effect model used as a fitting function to
estimate the overall geoid step. Top: smooth step in geoid height
associated with two isostatically compensated quarter spaces; AN is
the geoid offset. Center: each quarter space has a density-depth
relation that is age dependent. Bottom: the density contrast across
the FZ is approximated by two semi-infinite mass sheets of mass per

area 0 and -0 at depths s and d, resoectively.
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across the FZ we subtract the density on the left p(z,tz) from the density
on both sides. In this new configuration the density on the left side is zero;
the largest density contrast on the right side occurs at the average seafloor
depth s and is associated with the change in seafloor depth across the FZ. We
approximate this horizontal density contrast by a thin sheet with mass per area
o at depth s. The total density contrast at greater depths is represented by
a second mass sheet with mass per area -o at the average compensation depth d.
Clearly, this two-layer model does not represent the actual lateral density
variations across a FZ since we have compressed the compensating mass into a
single sheet and we have ignored the effects of lateral heat conduction (Louden
and Forsyth, 1976; Detrick, 1981) and 1ithospheric flexure (Sandwell and Schubert,
1981). We will show, however, that good fits to the observed geoid steps can
be obtained by varying the two parameters o and d.

The geoid height N associated with this model is derived in the Appendix;

it is given by

2 2
N(x) = gzggg_ % (1 - %0 + % (arctan % - %-arctan é& + §§a-1n (52—1—97)] s (1)
X" +s

where G is the universal gravitational constant, g is the gravitational acceler-

ation, and x is the horizontal distance from the FZ. The overall geoid step

AN is derivable from (1) according to

AN = 1im N(x) = (d - s)

X+

We can rewrite (1) in terms of AN as

2 2
1 + d
N(x) = aN %-+ (1 - a) % (arctan % - % arctan %) + ?%E n (iar———3ﬂ]

+ s
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The model contains only 2 adjustable parameters, AN and d, because the average
seafloor depth s is known.

We will show in the next section that it is preferable to fit the model
to the along-track derivative of the observed geoid rather that to the geoid
itself because the power spectrum of the geoid slope is nearly white and

Gaussian statistics can be used. The geoid slope is

g_N. = AN an X2 + dz) (11)
& mA -9 | T, 2

The form of (4) reveals the role of each of the model parameters. An increase

in compensation depth d prodhces both a broadening in the geoid slope profile and
a decrease in its amplitude in such a way that the total area (i.e. the geoid
offset) under the geoid slope profile is AN. The model is linear in the
parameter AN, and by design this parameter defines the total geoid offset. 1In
the next section we present the data and use (4) to estimate the geoid offsets

for Seasat altimeter profiles crossing the Mendocino FZ at many locations.

DATA

Location of the Mendocino FZ

The Mendocino FZ in the northeast Pacific was chosen for this geoid-age
study because of its great horizontal extent and large age offset. As shown
in Figure 2, the Mendocino FZ runs continuously from the west coast of North
America at 40°N to well bevond the Hawaiian-Emperor seamount chain at its
western extreme. At 220°E it branches into northern and southern exten-

sions. East of 210°FE the location of the FZ is defined by the bathymetric
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Figure 2. Location map of the Mendoc{no FZ. The dashed lines separating
regions A, B, and C indicate portions of the FZ that are not readily
apparent on bathymetric charts. Seafloor ages on the northern side of
the Mendocino FZ increase continuously from 0 Myr at ~230°E to 140 Myr
at 165°E. Tracks of 28 Seasat altimeter orbits are labelled by their

orbital revolution number and direction, A-ascending, D-descending.

37



230°

220°

210°

180°
|

5

|

/

REGION A

REGION B

—4 25°

456"

35°

38

25°

240°

230°

220°

210°

[
o
~
-

160°

Figure 2



scarp on the chart "Bathymetry of the Northeast Pacific" by Mammerickx and
Smith (1981). Between 200°F and 210%E the Mendocino FZ appears quite diffuse,
i.e. many parallel scarps exist, as indicated by the dashed line in Figure 2
(Chase et al., 1971). However, a single scarp which we believe is the western
extension of the Mendocino south reappears to the west of 200°E (Region B of
Figure 2). To the west of Region B the FZ is again diffuse and sometimes
absent in the bathymetric contours. Along this section it is crosscut by the
Hawaiian Swell and the Hawaiian-Emperor Seamount chain. The westernmost
segment of the Mendocino FZ is observed in bathymetric contours lying southwest
of Midway Island (Figure 3 of Mammerickx, 1981). The Pioneer FZ, with a some-
what smaller age offset, 1ies approximately 150 km to the south of the younger

portion of the Mendocino FZ (Region A).

Age Qffset along the Mendocino FZ

The age of the Mendocino FZ varies from 0 Myr at its eastern extreme,
where it intersects the Juan de Fuca ridge, to over 130 Myr at a longitude of
170%E. Magnetic anomalies have been identified in Region A of Figure 2 by

Atwater and Menard (1970). We have used the time scale of Ness et al. (1980)

to date these anomalies and to determine the age offset of the Mendocino FZ

as a function of longitude between 210%E and 230°E. Similarly, the Mesozoic
magnetic anomalies that have been identified (Hayes and Pitman, 1970) and

dated (Larson and Chase, 1972; Larson and Pitman, 1972) in Region C were

used to calculate age offset versus longitude along the westernmost portion

of the Mendocino FZ. The results are shown by the solid portions of the curve
in Figure 3. The age offsets in region B, however, are not well established.
We have used the plate reconstruction model of Larson and Chase (1972) to infer

the longitude dependence of the age offset shown by the dashed curve between
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180%E and 210°E in Figure 3. Essentially, age offset increases continuously
from 11 Myr at 180°E to 26 Myr at 210°E. The age offset curve in Figure 3
is used in the next section, together with estimates of the overall geoid step,

to determine the change in geoid height with age.

Geoid Height Profiles across the Mendocino FZ

The locations of 28 Seasat altimeter profiles that were used to estimate
geoid offsets along the Mendocino FZ are shown in Figure 2. We have not used
the Seasat profiles that pass over the more diffuse segments of the FZ (dashed
lines on Figure 2) because our model assumes that the age and density offsets
across the FZ occur at a sharp boundary. The geoid height, which is well
approximated by the sea surface height, is shown in Figures 4(a) and (b) for
the 11 ascending orbits and 11 descending orbits in regions A and B. In each
case the steepest portion of the smooth step in the geoid coincides with the
location of the Mendocino FZ. The smaller step at approximately 38.5%N
corresponds to the Pioneer FZ. The geoid step associated with the Mendocino FZ
in region C is not readily apparent, however, in the geoid profiles shown in
Figure 5 (the location of the Mendocino FZ is marked by an arrow on each of the
profiles). To enhance the FZ geoid signal with respect to the noise, we have
shifted four of these profiles (A239, A483, Al196, and A397) so that they line
up at the FZ and have made a composite geoid profile by averaging their
geoid slopes and integrating the stacked geoid slope profile. This stacked
profile, plus a constant, is the uppermost profile in Figure 5. The nearly
coincident profiles A282 and A526 were not used to comnute the composite
geoid profile since a large seamount at 29.5°N, 173.5% dominates the FZ

geoid signal.

40



Figure 3. Age offsets across the Mendocino FZ versus longitude. The age
offsets along the solid portions of the curve were determined from dated
seafloor magnetic lineations. Along the dashed part of the curve age

offsets are derived from a plate reconstruction model.
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Figure 4. Relative geoid heights along the orbital tracks of Regions A and B
for ascending orbits (a) and descending orbits (b). A smooth step in

the geoid height occurs at the Mendocino FZ.

Figure 5. Relative geoid height profiles from Region C. The location of the
Mendocino FZ, determined from bathymetric contours (Mammerickx, 1981),

is marked by an arrow on each profile. The FZ geoid step is not readily

apparent on these profiles. To enhance the FZ geoid signal the profileé
A239, A483, A196, and A397 were aligned at the arrows and stacked to
yield the profile shown at the top. Profiles A526 and A282 were not

used because of the seamount near the FZ.
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RESULTS

It is apparent from the profiles shown in Figures 4 and 5 that the smooth
step associated with the Mendocino FZ is superimposed upon both longer wavelength
regional geoid undulations and shorter wavelength geoid variations (noise).

The regional geoid can be modelled by a second order polynomial (Crough, 1979),
but the shorter wavelength noise cannot be directly separated from the FZ geoid
signal. Instead, the best estimate of the overall geoid offset is found by
varying the model parameters AN and d and the parameters of the quadratic fit to
the regional geoid until the rms of the residuals between the model and the

data is minimized. This least squares fitting procedure requirés that the
residuals have a Gaussian distribution or, alternatively, that the power spectrum
of the residuals is white. However, after fitting a geoid profile using this
procedure we found that the power spectrum of the residuals was red, i.e. it
decreased with increasing wavenumber k according to k'z. We therefore pre-
whitened the noise spectrum by taking the along-track derivative of the geoid
profile (an example is given in Figure 6). This technique not only whitens

the noise spectrum but it also has other advantages. First, the derivative

of the regional geoid representation has one less parameter. Second, the FZ
geoid signal dominates the geoid slope whereas it is a minor component of the
geoid. Thus, more emphasis is placed upon minimizing the residuals in the
vicinity (within 100 km) of the FZ rather than those far from the FZ. Finally,
the peak in the geoid slope clearly delineates the FZ and can be used to Tocate
it in areas where bathymetric data are unavailable.

The overall geoid offset for each of the profiles was estimated by
minimizing the sum of the squares of the differences between the observed

geoid slope and the model geoid slope

46



Figure 6. Power spectrum of the along track derivative of the geoid profile
A423 (solid curve). The dashed curve represents the power spectrum after
the best fitting model was removed. This spectrum is nearly "white"
for wavenumbers less than the corner wavenumber marked by the arrow at

1

2.6 x 10'4 m ~. The spectra were smoothed for presentation.
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2 2
(x - x ) +d
dN AN 0
S-=ax +b + an s (5)
dx Zﬂ(d - ST ((X - X0)2 + S?

where a and b specify the slope and intércept of the derivative of the regional
geoid and X, is the location of the FZ. We included an additional term for
the profiles in region A to account for the effect.of the geoid step at the
Pioneer FZ on the Mendocino FZ geoid signal. The paraﬁeter estimation problem
is linear in all of the model parameters except for Xy and d. The best set
of model parameters was determined by using an iterative nonlinear technique
due to Marquardt (1963). In general, the algorithm réquired two iterations
to converge and the final set of model parameters was insensitive to the starting
model. However, profiles A251 and D417, which pass over the same part of the
Mendocino FZ, and individual profiles in Region C required special attention.
For profiles A251 and D417 satisfactory results, i.e. non-negative compensation
depths d, were obtained by choosing a different starting model. Problems arose
in fitting the model to the individual profiles in Region C because the FZ
geoid signal is smaller than the noise. The signal was boosted to roughly
twice the noise level by stacking four of the geoid profiles, as described
earlier.

An uncertainty estimate for each of the model parameters was calculated
from a Tinear approximation to the model in the neighborhood of the best
set of model parameters. The uncertainty estimate is highly dependent upon
the number of degrees of freedom in the geoid slope profile. For a white
noise spectrum that has a corner wavenumber (i.e. the power spectrum falls

rapidly at higher wavenumbers) of kcor = AZn , the number of degrees of freedom

cor

is

(n -p) lmin/lcor ’
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where n is the number of data points in the profile, p is the number of model
parameters, and Amin is twice the distance between data points. Figure 6

shows the power spectrum of the geoid slope (solid line) and the residual geoid
slope (dashed line) for profile A423. The residual power spectrum is nearly

1 1

white for wavenumbers between 8 x 10°® m™! and 3 x 107* m™!.

At higher
wavenumbers the power declines rapidly. This corner wavenumber is shown by
an arrow in Figure 6; xcor has a value of 21 km.

Examples of model fits to observed geoid profiles from regions A,
B, and C and their associated residuals are shown in Figure 7. 1In every
case the model (5) was fit to the along-track derivative of the profile.
The fit to the geoid height was obtained by integrating the model. In general,
the rms of the residual geoid is less than 0.5 m. Twenty out of 22 profiles
from regions A and B have a geoid slope with a component which is antisymmetric
about the Mendocino FZ. For ascending orbits the geoid slope is depressed
on the older side of the FZ. Similarly, the descending orbits show elevated
geoid slopes on the older side. This antisymmetric component cannot be fit by
(5) because the gravitational edge effect predicts a geoid slope that is symmetric
about the FZ. The asymmetry may be a result of flexure at the FZ caused by the
difference in subsidence rates on either side of the FZ together with the differ-
ence in age-dependent flexural rigidities across the FZ (Sandwell and Schubert,
1981).

A complete summary of the estimated geoid offsets and their uncertainties,
the age offsets At, the average ages tave’ and the changes in geoid height
divided by the associated age offsets is given in Table 1. The estimates of
the overall geoid offset AN divided by the age offset At, and associated uncert-

ainties, are plotted against the average age of the two lithospheric segments
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Figure 7. Best fitting models to profiles from Region A (D589), Region B(D619),
and Region C (stacked profile) are shown in the upper, middle and lower
rows, respectively. The parameters of the model (5) were varied in a
least squares fit to the along track derivative of the geoid shown in the
left column (filtered for presentation with a 16 km half-width Gaussian
filter). The integral of the model, plus a constant, and the observed geoid
profile are shown in the center column. The residual geoid height is plotted

on the right and has typical values of +0.3 m.
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TABLE 1. Age, Age Offset, Geoid Offset and Change in Geoid Height With Age

Offset for Profiles Crossing the Mendocino FZ.

Orbit # tave At AN = IAN AN/AL + TAN/At
Myr Myr m m
Region A
A265 15.6 -26.9 4.84 +£0.86 -0.179 +0.032
D431* 16.0 22.0 -3.28 +0.68 -0.149 +0.031
D632 16.1 26.8 -5.13 £1.16 -0.191 +0.051
D589 19.3 24.3 -4.53 +0.52 -0.186 +0.025
A423 22.4 -22.5 3.44 £0.75 -0.155 +0.034
D259 27.4 21.7 -3.44 £1.10 -0.158 +0.060
A581 29.0 -20.5 2.82 +2.10 -0.138 ¥0.101
D417 32.0 20.0 -2.44 +1.23 -0.122 +0.063
A251 34.2 -19.2 2.33 #0.73 -0.114 x0.042
A1413 39.1 -22.6 2.92 +0.78 -0.129 +0.041
D288 40.6 23.5 -3.36 +0.66 -0.143 +0.033
A610 43.0 -24.8 3.07 £1.03 -0.124 +0.049
D1407 46.3 25.4 -1.84 £0.30 -0.072 +0.014
A237 50.0 -26.4 2.19 +0.57 -0.083 £0.022
D561 55.0 26.0 -1.92 £0.59 -0.074 +0.023
A639 60.3 25.4 2.18 #0.49 -0.086 +0.023
Region 8
Al414 84.0 -16.0 1.12 +0.469 -0.070 +0.035
D619 85.4 16.0 -1.51 £0.383 -0.094 +0.028
A6l1 86.0 -16.0 1.12 +0.409 -0.070 £0.030
D289 88.2 14.0 -1.15 £0.429 -0.082 +0.037
A281 88.8 -13.8 1.61 £0.456 -0.117 +0.033
D447 91.7 13.5 -1.51 +0.303 -0.112 +0.022
Region C
A239+A483
+A196+A397 133.3 -11.3 0.59 +0.362 -0.052 +0.032

*This profile intersects the Mendocino FZ to the east of the Juan de Fuca
spreading ridge and therefore it has a smaller offset than adjacent profiles.
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in Figure 8. For ages Tless than about 20 Myr, the geoid slope is slightly
greater than -0.15m Myv"1 while for greater ages it is between -0.05 and -0.10m
Myr’l. In the next section we compare this geoid slope - age relation with
independently determined estimates. We then discuss all of the data in terms

of lithospheric cooling models.

DISCUSSION

The overall geoid steps for 18 Seasat altimeter profiles crossing the
Mendocino FZ have recently been estimated by Detrick (1981). Many of the profiles
used in his study either intersect the profiles we have chosen or are identical
to ours. However, different methods were used in the two studies to estimate
the geoid step. To compare our results with Detrick's (1981), we have corrected
his estimates for the bias introduced by his measurement procedure (using his
bias model, Figure 8 of Detrick, 1981) and averaged his estimates over 10 Myr
time intervals. We have also averaged our estimates, weighted by their uncert-
ainties, over the same 10 Myr age intervals. Both sets of results are shown
in Figure 9, where the asterisks represent Detrick's estimates and the octagons
represent our points. The agreement is quite good, considering that more than
half of our profiles were taken from different orbits than Detrick's. The major
difference between the two studies lies in the data selection at ages greater
than 60 Myr. We did not use the profiles crossing the Mendocino FZ between ages
of 60 Myr and 80 Myr since this portion of the FZ is not clearly delineated in
the bathymetric contours (Chase et al., 1971). In addition, we have estimated

AN/At at 88 Myr and 135 Myr although the formal uncertainty in the 88 Myr estimate
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Figure 8. Geoid slope estimates and uncertainties for profiles shown in Figures
4 and 5 determined by normalizing the geoid offsets by the age offsets.
These are plotted against the average age across the FZ. Octagons

(ascending orbits), asterisks (descending orbits).

Figure 9. Geoid slope - age estimates averaged over 10 Myr age intervals for
the Mendocino FZ, the North Atlantic south of 32°N, and the South Atlantic.
The estimates for the Southeast Indian Ocean were averaged over 5 Myr age
intervals (octagons). Asterisks represent Mendocino FZ geoid slope - aqe
estimates from Detrick (1981). Symmetric spreading ridge data are from
Sandwell and Schubert (1980). Also shown are geoid slope - age relations
predicted by plate cooling models with plate thicknesses of 100 km (dotted

curve), 125 km (solid curve), and 200 km (dashed curve).
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may not reflect the actual uncertainty because the age offset in this region
is only poorly constrained. The good agreement between the two data sets at
young ages lends additional support to the validity of our estimates at 88 and
135 Myr even though these two points do not lie along the general trend of the
other points.

Further comparisons can be made with the estimated geoid slope - age
relations for symmetrically spreading ridges (Sandwell and Schubert, 1980).
Figure 9 also shows estimates and uncertainties of the geoid slope for the
North Atlantic south of 32°N, the South Atlantic, and the Southeast Indian
Ocean areas (Sandwell and Schubert, 1980). In general, our estimates from
these three oceanic areas are consistent with the FZ estimates; however, the
FZ data have smaller uncertainties and show less scatter. These smaller uncer-
tainties allow us to discriminate among the various lithospheric cooling models.
The boundary layer cooling model predicts that the geoid slope remains constant

for all ages; a value of -0.15m Myr-'1

has been estimated by Haxby and Turcotte
(1978). The results from the symmetrically spreading ridges are consistent

with a constant geoid slope for ages less than 80 Myr. The more accurate FZ
geoid slope estimates, however, are consistent with the boundary layer model only
for ages less than about 40 Myr. Figure 9 also shows geoid slope - age relations
for plate cooling models (Sandwell and Schubert, 1980; Parsons and Richter,
1980). The values of the thermal parameters used in these model calculations are
from the best-fitting plate model of the depth-age relation in the North Pacific

(Parsons and Sclater, 1977): thermal expansion coefficient = 3.3 x 10'5 K'l,

temperature contrast across the plate = 1330 K, thermal diffusivity = 8 x 10'7

m2 s'l. Theoretical geoid slope-age relations for plate thicknesses of 200 km

(dashed curves), 125 km (solid curves), and 100 km (dotted curves) illustrate
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the sensitivity of the relation to this parameter. Values of plate thickness
between about 100 and 125 km are most consistent with all of the geoid slope
estimates. Because the uncertainties in the geoid slope estimates for the
symmetrically spreading ridges are relatively large, these data are also con-
sistent with a plate thickness of 200 km, which gives a flattening in the geoid
height - age relation at 80 Myr. However, this value of plate thickness is
incompatible with the FZ geoid slope estimates.

The geoid slope - age relation is much more sensitive to the thickness of
the lithosphere than are the depth-age and heat flow-age relations. To demon-
strate this, the heat flow-age relation for well sedimented seafloor throughout
the oceans (Sclater.et al., 1980), the depth-age relation for the North Atlantic
south of 35°N (Parsons and Sclater, 1977), and the depth-age relation for the
North Pacific (Sclater et al., 1971; Parsons and Sclater, 1977) are shown in
Figure 10 together with the predictions of the plate cooling models using the
same parameter values as in Figure 9. The heat flow-age relation is notably
insensitive to the lithospheric thickness while the depth-age relation is moderately
sensitive to this parameter. In contrast, the geoid slope-age relation changes
by more than an order of magnitude at 160 Myr when the lithospheric thickness
is changed from 100 km to 200 km. Thus, small changes in the thermal structure
near the base of the lithosphere produce large changes in the geoid slope for
ages greater than about 40 Myr.

A better understanding of the enhanced sensitivity of the geoid slope to
thermal perturbations in the lower portion of the lithosphere comes directly
from the long wavelength, flat-earth approximation to the geoid height for iso-

statically compensated topography (Ockendon and Turcotte, 1977)

©

N(x) = ‘29"‘5[ o(x,2) 2 dz . (6)

o]
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Figure 10. Heat flow-age relation (top) for well sedimented seafloor throughout
the oceans (Sclater et al., 1980) and depth-age relations for the North
Atlantic (middle) and the North Pacific (bottom) (Sclater et al., 1971;
Parsons and Sclater, 1977). Curves are predictions of the plate cooling
model for plate thicknesses of 100 km (dotted), 125 km (solid) and 200 km

(dashed).

60



400
350+

300

= NN
g O W
o O O

Heat Flow (mW/m?)
[
o
o

o

Depth (km)

Depth (km)

(o))
o

Worldwide

40

80 120

160

North Atlantic

North Pacific

40

80 120
Age (Myr)

61

Figure 10



Seafloor depth is proportional to

]

fp(x,z) dz

0

It is apparent from these equations that density variations at depth have more
effect upon the geoid than the seafloor elevation simply because of the weighting
function z in the integrand.

Based upon the data and models presented in Figures 9 and 10 we believe
that the average lithospheric thermal structure is best approximated by a plate
cooling model with a 125 km thick plate. A plate model with 100 km thickness
does not fit the geoid slope - age estimates from the Mendocino FZ at 838 and
135 Myr, and it also does not fit the North Pacific depth-age data for ages
greater than 40 Myr. A thick plate model (200 km) shows a generally poor fit
to all but the heat flow data. In contrast the predictions of the 125 km thick
plate model are in good agreement with the depth-age and heat flow-age data
(Parsons and Sc]atef, 1977) and provide the best overall fit to the Mendocino
geoid slope - age estimates.

Although on the average the 125 km thick plate model has the best fit
to all of the data it does not fit the Mendocino geoid slope estimates in detail.
A 100 km thick plate model provides a better fit to these estimates between 15 and
60 Myr while a 140 km thick plate model better fits the estimates at greater
ages. This same effect occurs with the North Pacific seafloor depths although
these deviations are hidden in Figure 10 by averaging seafloor depths along
jsochrons. The North Pacific contains large areas of seafloor that are either
shallower or deeper than the average depth-age relation (Menard, 1973; Mammerickx,

1981). Such broad residual depth anomalies have been explained by age independent
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heat inputs into the base of the lithosphere, i.e. lithospheric reheating
(Heestand and Crough, 1981). By averaging along isochrons, the average depth-
age relation is extracted and the residual depth anomalies are reflected in
the uncertainties.

In this study we have sampled only a small portion of the seafloor that
is adjacent to the Mendocino FZ. Therefore, our geoid slope - age estimates
may not represent the average geoid slope - age relation in the North Pacific.
Furthermore, we have shown that these estimates are very sensitive to the
thermal structure of the lowermost portion of the lithosphere. It appears that
the significant departures (Figure 9) in the geoid slope-age estimates from
the 125 km thick plate model are reflecting deviations in the thermal structure
along the Mendocino FZ from the plate cooling model. Obviously this occurs
along the portion of the Mendocino FZ that is crosscut by the Hawaiian swell
since the FZ geoid signal is absent in this region. In addition, smaller
reheating anomalies that have intersected other segments of the Mendocino FZ

-will also erase a portion of the FZ geoid signal. The enhanced sensitivity of
the geoid height to thermal perturbations near the base of the lithosphere makes

this data set very useful for mapping 1ithospheric reheating anomalies.
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APPENDIX : A SIMPLE FRACTURE ZONE MODEL

The geometry of the two-layer FZ model (Dorman, 1975) is shown in
Figure 1. The gravitational potential U is produced by two semi-infinite
sheets of mass with mass per unit area ¢ and -o at depths s and d beneath
the observation plane. The potential U is the three-dimensional convolution

of the density structure p with the Green's function due to a point mass

(r) = [ olr,) —E—ar .
lr - r.l
- -0

where r is the position vector of the source, r is the location of the

observer, dvo is the element of volume at Tos and the integration extends

over all space. Upon integrating over z, from -= to +« and over Yo from

-L to L we find

- "
(,0,0) = 6o | GRS G (A2)
U(x,0,0) = Go n . - | dx s A2
"L + (LZ + 32)% L + (L2 + a2)2 0
0 1 2
where
2
a = (x - xo)2 + 52 and ag = (x - xo)2 + d? . (A3)
In the limit L - » (A2) becomes
> (x - xo)2 + d2
U(x) = Gcf | ———— dxo ,
o (x - xo) +s
1 S 1 X S X X x2 + d2
= 2nGod 7 (1 - a) + F (arctan a - E arctan —S-) + m n ()(2—4.—;2_ . (A4)

To first order, the geoid height N is U/g. It is noteworthy that the potential
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20

for this model is undefined, on a flat earth, if the densities of the mass

layers are not equal and opposite (the re

The slope of the potential, which is used in our fitting procedure, is

+ s

2 2
dU _ x- +d
o Go ln(——-—'—7x2 )
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Appendix B: A Physical Fracture Zone Geoid Model

We have shown that the geoid height for the simple two layer
model fits within the noise level of the observed geoid slope and
can be used to estimate the overall geoid step. However, this simple
model cannot be directly related to any physical properties of the
oceanic lithosphere. 1In this appendix we derive a physically reason-
able FZ geoid model that is also able to match the observed geoid
profiles. We then relate the parameters of the physical model to
the parameters of the two layer model, derived in Appendix A.

The physical model incorporates some simplifying assumptions
about the state of stress and the thermal structure across a FZ.
It consists of two isostatically compensated quarter spaces. Each
has the thermal structure of a half space that has cooled from an
initial constant mantle temperature Tm by conductive heat loss
through the seafloor. The temperature at some time t after the
lithosphere was formed is

1 — Z' -
T(z',t) = T erf(—z(Kt)l/:Z) (B-1)

where z' is the depth beneath the seafloor and k is the thermal
diffusivity. We'll assume that each of the quarter spaces is thermal-
ly and mechanically isolated from the other. Thus the temperature on
the right side of the FZ shown in Figure 1 is T(z',tl) and the temp-

erature on the left side is T(z',t,). As each quarter space cools

2
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its density increases linearly with decreasing temperature according

to
p(z',t) = p (1 + oz(Tm - T(z',t))) (B-2)

where Py is the mantle density and « is the coefficient of thermal
expansion. Each quarter space must subside to remain in local isostat-
ic equilibrium and the seafloor depth increases with age as

2ap T
D(t) = D__, + 2T (xe/m1/? (B-3)

£ (pm - e,
where Dref is the ridge crest depth and P, is the seawater density.

The density versus depth structure on either side of the FZ is

Py z <D(t)

p(z,t) = (B-4)

2-D(t) |
pm(l + aTﬁ erfc (;?;;;T7é)) z >D(t)

where z is the depth beneath the seasurface. Since we are interested
in changes in gravitational potential across the FZ, we subtract the
density-depth function on the left side p(z,tz) from the density-
depth function on the right side p(z,tl). The remaining density

structure is
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0 z<D(tl)

Ap(x,z,t ,t)) = H(x) { p(z,t)) - P D(t;) < z< D(t,) (B-5)

(P (z,t)) -p(z,t)) D(t)<z

where H(x) is the Heaviside step function. This density-depth function

-3
has a large positive density contrast of 2400 kg m

between depths of D(t;) and D(t,). In the simple two-layer model
we approximated this sharp density contrast by a Delta functiom.
Beneath D(tz) the density contrast is negative and has a peak that
broadens and increases in depth as the FZ ages. This negative comp-
ensating density does not resemble the negative Delta function used
in the simple two-layer model. However, the two-layer model and the
physical model produce similar geoids if the depth to the negative
Delta function compensation is chosen properly.

The gravitational potential across the FZ is most easily calcﬁ—

lated from

[e ]

U(k) = %?/Ap(k,z) s lKz g, (B-6)
0

b

where k is the wavenumber and
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o)

Ap(k,z) =/‘Ap(x,2) e 4 . (B-7)

—

Dorman (1975) has evaluated (B-7) for a step function horizontal

density variation and has found
Ap(k,z) =4p(z)/ik . (B-8)

After substituting (B-4) into (B-5), (B-5) into (B-8) and finally

(B-8) into (B-6) we find

D, ©
2 z=-D
_ =2miG -1kl z 1
U(k’tl’tz) = TRIR] '/(pn pw) e dz +ozmem ferfc( 1/2)
2(kt,)
D, D 1

z-D )
e_Iklz dz —amem ferfc(———z——T/z) e_Iklz dz
2(Kt2)

(B-9)
where Dl = D(tl) and D2 = D(tz). The first integration is trivial.
To evaluate the second integral, we let z' = z - Dl and the second

term in brackets becomes

o)

"lkl D ' '
ap T e 1 jerfc(z—lﬁ) e-lklz dz'. (B-10)
m 5 2(kt,)

The integral in (B-10) is the Laplace transform of erfc(z'). The
third integral in (B-9) is evaluated in a similar fashion. The

potential, in the Fourier transform domain is

69



. -|k|D 3]
2miG 2 1
U(k,t,,t,)) = ——— | (P - p) l|e -e
1’72 k,klz [ m W (
-1kID
vap Te 2 {1 - gkl kep'/P)

-ap T e~ kD (1 - gCixl (Ktl)llz)):'

(B-11)
22
where g(z) = e~ erfc(z) . (B-12)
This solution can be compared with the Fourier transform of the

potential for the two-layer model,derived in Appendix A . The density

versus depth function for the model shown in Figure 1 is
Ap(z) = o( d(z-s) - 6(z-d) ) . (B-13)

Inserting (B-13) into (B-8), (B-8) into (B-6) and integrating over =z

we find

2TiGo

-lkls -1kl d
K] (e - e

U, (k) = ) (B-14)

which is the Fourier transform of (A-4). To compare (B-11) with (B-14)

we let s = (D1+D2)/2 and 4D = (D2—Dl) so that

D, = s - AD/2 and D, = s + A4D/2 . (B-15)

After substituting (B-15) into (B-1ll) we find
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_2mG_ -lkls AD' -AD'
U(k’tl’tz) = —k|k|2 e [(pm - R, + amem) (e - e )

AD

+ amem e g( ikl (ﬂtz)l/z)

~ap 1A g(lkl(ﬂtl)l/z)] (B-16)

where AD= (k| D/2. By expanding the first two exponentials contain-
ing AD' in a Taylor series about 0, discarding the terms of order

2 3 . .
AD'", AD'” ..., and comparing the remaining term with the first term in

(B-14) we find
g = (p,ln - pw + czmem)(D2 - Dl) . (B-17)

This rather unsurprising result shows the relationship between ¢ , the
surface mass anomaly of the two-layer model, and the bathymetric step
of the physical FZ model. A relationship between the other free para-
meter of the two-layer model d, the depth of the compensating layer,
and the parameters of the physical model can only be obtained in the

limit as 1kI=0. For this specific case Crough (1979) has found

/2 1/2

/
d-s= @t (e + (tl)l/z) /2 . (B-18)
The two models predict the same overall geoid step when their parame-
ters are related through equations (B-17) and (B-18). However, the
shape of the geoid step, close to the FZ, is slightly different for

the two models. Beyond a characteristic distance of (Kt)l/z, where
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t is the age of the FZ, the two models have similar geoids; within a
distance of (Kt)l/2 the two models have slightly different geoids.
Using a typical value of thermal diffusivity, this characteristic dis-

/2

tance is 5 km times (age)l , where age is in Myr.

Based upon this calculation it appears that the physical model
should have been used to estimate the overall geoid step.
The parameters @ and K of the physical model could have been varied
to match the geoid slope along each of the geoid tracks. However, we
did not use this proceedure for a number of reasons. First, the phy-
sical model does not account for the thermal and mechanical inter-
actions across the FZ. Therefore the geoid predicted by this model
cannot adequately represent the observed geoid in the wvicinity of the
FZ. Second, at greater ages, the physical model places a significant
portion of the compensating mass at a depth greater than the thickness
of the lithosphere (determined from depth-age modelling). Because
of these two inadequacies of the physical model there is no advantage
in using it instead of the simpler two-layer model as a means of
estimating the overall geoid offset. Each model introduces a system-

atic bias in the estimate of the geoid step. We believe that this

modelling bias is small.
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