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Abstract

The geoid, an equipotential surface of Earth's gravity field, reflects the distribution of mass within the planet and
hence a variety of geodynamic processes. Because these data are dominated by sublithospheric processes, notably
mantle convection, they have not played a major role in the ongoing debate concerning models of the thermal evolution
of oceanic lithosphere. Application of spatial filtering to the age derivative of the geoid, however, extracts an age-
dependent signal which reflects lithospheric thermal evolution. The data are much better fit by a thin (about 100 km
thick) thermal plate than by a cooling halfspace, and so provide a valuable constraint complementary to and consistent
with the variations in oceanic depth and heat flow with age. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

A remarkable feature of Earth's gravity ¢eld is
that its major features bear little resemblance to
the near-surface features of mantle convection ex-
pressed at the surface by plate tectonics, the pri-
mary mode of heat transfer from Earth's interior
[1], which makes Earth's tectonics so di¡erent
from our neighboring planets [2]. This di¤culty
is shown by comparison of Fig. 1A, a global
map of lithospheric ages [3], to Fig. 1B, showing
geoid anomalies, the deviation of the sealevel

equipotential surface of gravity from the ellipsoi-
dal shape of a rotating Earth [4]. The geoid
anomalies are dominated by long wavelength fea-
tures [5] interpreted as largely re£ecting deep
mantle convection [6,7]. Although some e¡ects
of subducting slabs are visible, there is little cor-
respondence between the distribution of litho-
spheric age and the geoid. Hence oceanic spread-
ing centers and the resulting cooling of oceanic
lithosphere as it moves toward subduction zones
are not obvious in the geoid, although this cool-
ing is evident from the increase in ocean depths
and decrease in sea£oor heat £ow with lithospher-
ic age [8^11].

In theory, cooling of the lithosphere should
cause the geoid to vary with age, as it re£ects
the integral of the thermal density anomaly

0012-821X / 99 / $ ^ see front matter ß 1999 Elsevier Science B.V. All rights reserved.
PII: S 0 0 1 2 - 8 2 1 X ( 9 9 ) 0 0 2 4 7 - 2

* Corresponding author. Tel. : +1-847-491-5265;
Fax: +1-847-491-8060; E-mail: seth@earth.nwu.edu

EPSL 5290 9-12-99 Cyaan Magenta Geel Zwart

Earth and Planetary Science Letters 174 (1999) 173^181

www.elsevier.com/locate/epsl



weighted by the depth, and thus the weighted in-
tegral of the geotherm. Hence geoid data should
be valuable in the ongoing debate about how best
to model thermal evolution of oceanic litho-
sphere. Because temperatures at depth are not di-
rectly measurable, this issue is generally addressed
via models which seek to provide a simple de-
scription of the average thermal structure as a
function of age. Traditionally, the primary surface
observables constraining these models are varia-
tions in sea£oor depth and heat £ow with litho-
spheric age. In the models, sea£oor depth depends
on temperature integrated through the litho-
sphere, whereas heat £ow depends on the temper-
ature gradient at the sea£oor.

The simplest such model is one in which the
lithosphere evolves as the upper boundary layer
of a cooling halfspace as it moves away from
midocean ridges. This model describes the obser-
vation that depth and heat £ow vary approxi-
mately with the square root of lithospheric age
[9]. However, for ages older than about 70 Myr
depth and heat £ow `£atten', varying more slowly
with age than for a halfspace. It is thus generally
assumed that halfspace cooling is perturbed by
additional heat from below, which balances the
heat lost at the sea£oor, stops the lithosphere
from continuing to cool for older ages, and thus
causes £attening. The plate model, a simple and
common description for this perturbation, uses an
isothermal boundary at the base of the litho-
sphere to model the thermal equilibration of old
lithosphere [12,13]. The plate model ¢ts the data
reasonably well, but does not directly describe
how the heat is added from below [14^16].
Although the plate and halfspace models are the
same for young ages, the two models make di¡er-
ent predictions for ages old enough that the basal
condition has an e¡ect.

Until recently, it was common to use a model

of a 125 km thick plate (denoted here PSM), fol-
lowing Parsons and Sclater's [17] demonstration
that such a model described depths and heat
£ow for old ages better than a halfspace. How-
ever, this model still systematically overpredicts
depths and underpredict heat £ow for lithosphere
older than 70^100 Myr, giving rise to widespread
apparent depth and heat £ow `anomalies' [18].
This situation prompted a recent joint inversion
of the depth and heat £ow data [18], which found
that these `anomalies' are reduced signi¢cantly by
the best-¢tting plate model, termed GDH1.
GDH1 is characterized by a plate with an asymp-
totic thermal thickness of 95 þ 10 km, thinner
than the previously estimated 125 þ 10 km thick
plate, and a basal temperature of 1450 þ 100³C,
consistent with the previous estimate of
1350 þ 275³C [17]. Subsequent analyses showed
that various depth and heat £ow data not inverted
in deriving GDH1 [19^22] were also better ¢t by
the thin-lithosphere model than by the thick-litho-
sphere PSM model or by a halfspace model
(which can be viewed as an in¢nitely thick plate).
A thinner plate results even if the basal temper-
ature is ¢xed in the inversions. For example, in-
verting the data from [18] assuming a ¢xed basal
temperature of 1350³C yields a model (GDH1A)
with a 100 km thick plate, a coe¤cient of thermal
expansion of 3.1U1035 K31, and thermal conduc-
tivity 3.65 W m31 ³C31. These parameters predict
depth, heat £ow, and geoid slope variations with
age very similar to those for GDH1.

In view of these results, we re¢ned our analysis
[23] using newer global bathymetric [24], age [3],
and sediment thickness data [25], and again ¢nd
that the thinner thermal plate appears to be a
robust result. For the depth data, hotspot swells
were removed using the geoid-topography ratio
¢lter discussed later in this paper. Inverting these
data using the same method as [18] but with basal

C
Fig. 1. Successive stages in the data processing sequence. We seek the e¡ect of lithospheric cooling, which should cause geoid
anomalies dependent on lithospheric age (A). We begin with the un¢ltered geoid (B), which shows little relation to lithospheric
age, but is instead dominated by long-wavelength features interpreted as largely re£ecting deep mantle convection. We then apply
a bandpass ¢lter to the data (C), and then take the slope of the bandpassed data in the direction of increasing age (D). These
data are visually somewhat similar to the age data, showing both spreading centers and a general variation with age. To remove
the e¡ect of hotspot swells, we use a window function based on the gradient of the ratio of geoid to topography (E), and exclude
values greater than 5 mm km32. The resulting data (F) show a clear average variation with lithospheric age.
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Fig. 2. E¡ect of successive stages in the data processing sequence on the extraction of the expected lithospheric cooling signal,
which should cause geoid anomalies to vary with age. For each stage, data in 1 min grids are shown, together with the mean val-
ues. Also shown are predictions of thermal models: cooling halfspace (HS), thick-plate (PSM), and thin-plate models (GDH1,
GDH2). Model mis¢ts to data for each stage are normalized by the GDH2 mis¢t. The un¢ltered geoid (a) shows few e¡ects of
lithospheric age, and so is poorly ¢t by all models. At each of the successive stages (Fig. 1) the data mean shows the expected
age-dependent signal more clearly, and permits resolution between lithospheric cooling models. The data are better ¢t by the two
thin-plate models (GDH1, GDH2) than by the thicker-plate (PSM) or halfspace (HS) models.
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temperature ¢xed to 1350³C yields best ¢tting pa-
rameters for the plate thickness (90 km), coe¤-
cient of thermal expansion (3.1U1035 K31), and
thermal conductivity (3.25 W m31 ³C31). This
inversion result, termed GDH2, is similar to
GDH1, with GDH2 depths somewhat shallower
compared to GDH1. At 180 Myr, GDH2 predicts
depths about 350 m shallower than GDH1. This
di¡erence is because the GDH2 depth data come
from all oceans, rather than only the northwest
Atlantic and northern Paci¢c oceans used in the
GDH1 data set. Subsequent to [18] analyses show
that the other oceans are typically shallower at
older ages (e.g., [21]).

2. Prior analyses with geoid data

Although geoid data should be applicable to
study lithospheric evolution, doing so has proved
challenging. The expected signal associated with
plate cooling should be small, because it re£ects
processes in only the upper hundred or so km of a
2900 km thick mantle, a di¤culty compounded by
the fact that the geoid is most a¡ected by density
anomalies at depth [8]. E¡orts to extract a plate
cooling signal from geoid data have thus relied on
taking the geoid slope, the gradient of the geoid in
the direction of increasing lithospheric age, to re-
duce the long wavelength components. Geoid
slope (Fig. 2b) should be constant with age for
a halfspace model with a value proportional to
the product of the melting temperature at the
ridge and the coe¤cient of thermal expansion

[9]. For a plate model, the predicted slope is the
same as for a halfspace at young ages, but `rolls
o¡' at older ages at a rate depending inversely
on the plate thickness [10] (Table 1). This e¡ect
is similar to the `£attening' of the ocean depth
and heat £ow, in that these deviations from
the square-root-of-age variation predicted by a
halfspace model are expected if the lithosphere
approaches an equilibrium thickness at older
ages.

Attempts to extract this age-dependent geoid
slope signal from geoid data have followed two
approaches. The most common has been to esti-
mate geoid slope from the change in the geoid
across fracture zones, which juxtapose lithosphere
of two di¡erent ages [8,10,26^32]. The di¤culty is
that in addition to the thermal e¡ect of the age
contrast, the signal includes both a long-wave-
length component (presumably re£ecting deep
sublithospheric mantle £ow) and a shorter-wave-
length component, which may re£ect £exural and
other e¡ects at the fracture zone [33^35]. As a
result, such studies yield scattered results. Taken
collectively, these data are better (though far from
perfectly) ¢t by a plate model with a thin (95 km)
lithosphere than by either a halfspace or a 125 km
thick plate [32], in accord with depth and heat
£ow data [18^22]. However, the scatter in the
data, and a systematic mis¢t at young ages,
make the agreement of the thin-plate model less
than fully convincing.

An alternative approach is to estimate geoid
slope directly from oceanwide geoid data. Un-
fortunately, although geoid slope is easily esti-
mated near ridges [36,37], it proved harder to ob-
tain consistent estimates for older ages, so this
technique has not been e¡ectively used to address
the issue of plate versus halfspace models.

The recent new analyses of depth and heat £ow
data [11,16,18^23] have revived interest in the
thermal evolution of the lithosphere. Hence, be-
cause oceanwide geoid slope estimates should be
free of some of the biases associated with fracture
zones, we thought it worthwhile to develop tech-
niques to extract the lithospheric cooling signal
from such data. Despite the di¤culties encoun-
tered by the earlier studies, this goal seemed prac-
tical given that both improved geoid data [4]

Table 1
Constraints on thermal models

Observable Proportional to Re£ects

Young ocean depth vT(z,t) dz KTm

Old ocean depth vT(z,t) dz KTma

Old ocean heat £ow
DT�z; t�

D z
Mz�0 Tm/a

Geoid slope
D
D t

R
zT�z; t� dz KTm exp(3t/a2)

Plate thickness (a), basal temperature (Tm), coe¤cient of
thermal expansion (K).
Halfspace model corresponds to aCr.
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and a digital grid of lithospheric ages [3] are now
available. Hence we are able to work with
both larger and better datasets than the earlier
studies.

3. Analysis

As in the earlier studies (e.g., [36]), we ¢ltered
the geoid data to remove the long-wavelength fea-
tures. By expanding the geoid in spherical har-
monic series, we can identify the portions of the
geoid for which lithospheric cooling provides the
dominant signal. As a check on our conclusions,
we performed similar analyses on synthetic ocean-
wide geoids predicted from the plate and half-
space models. Though we have explored the glob-
al data set, this method of analysis may also be
applied to sub-periodic functions over sections of
a sphere [39]. We began by expanding the litho-
spheric age grid and model-predicted geoids in
spherical harmonics and comparing them to the
spherical harmonic coe¤cients which de¢ne the
geoid model [5] derived from observed data. The
spherical harmonic expansion of a function is

f �a ; P � �
X

n

X
m

Pnm ��Anmcos�mP � � Bnmsin�mP ��

where Pnm are associated Legendre polynomials
and Anm and Bnm are the spherical harmonic co-
e¤cients. When performing the expansion, re-
gions with no oceanic age (e.g. continental areas)
were given a value of zero for the predicted geoid.

The power of a spherical harmonic function is
given by

Sn �
Xm

n�1

�A2
nm � B2

nm�

The power (Fig. 3A) of the spherical harmonic
coe¤cients for the observed geoid (solid line) de-
creases rapidly above degree 10, indicating that
the data are dominated by longer-wavelength fea-
tures (e.g., mantle convection). The power of the
observed geoid above degree 10 is similar to that
predicted for the geoid by either a halfspace
(dashed line) or plate (dotted line) model, indicat-
ing that the amount of signal present is similar in
all three cases.

Fig. 3. Spherical harmonic coe¤cients for the observed and predicted geoids. (A) Comparison of power versus degree for the ob-
served geoid (solid line) and that predicted for the geoid by a halfspace (dashed line) or plate (dotted line) model. (B) Error be-
tween the observed geoid and that predicted for the geoid by a halfspace (dashed line) or plate (dotted line) model. The error
has a general minimum from degree 14 to 39 (bar), showing that the age-dependent signal is largest at these wavelengths.
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We measured the mis¢t between the predicted
and observed geoid signals with the normalized
error between two functions

E�n� �
X

n

X
m

�Anm3~Anm�2
Anm

� �Bnm3~Bnm�2
Bnm

" #

with spherical harmonic coe¤cients Anm and Bnm

and Aì nm and Bì nm. A lower error indicates that
two functions are more similar, whereas a higher
error indicates that they are dissimilar [38].

The error (Fig. 3B) between the geoid and the
age-predicted signal increases above degree 40
whereas it has a general minimum from degree
14 to 39 (2800^1000 km), showing that the age-
dependent lithospheric cooling signal is largest at
these wavelengths. The spikes at degrees 24, 27
and 34 may be related to the size of the major
ocean basins.

Because the minimum mis¢t between the two
occurs for approximately degrees 14^39, we ex-
cluded components outside this range and con-
structed a ¢ltered geoid using only components
14^39 (Fig. 1C). (A geoid excluding degrees 24,
27 and 34 was also constructed; as the results
were not signi¢cantly di¡erent, we will not discuss
it here.) Creation of a geoid using only selected
coe¤cients is equivalent to bandpass ¢ltering the
geoid. In order to avoid possible `ringing', only
data more than 1³ from the edge of the oceanic
basins were used for the geoid slope; this also had
the bene¢t of excluding possible continental in£u-
ences on the geoid.

The resulting bandpass ¢ltered geoid slope is
signi¢cantly lower in amplitude (Fig. 1C), but still
bears little visual relation to the age data. How-
ever, taking the slope of the bandpass ¢ltered ge-
oid, using the method of [36], does much better.
The resulting data (Fig. 1D) are visually some-
what similar to the age data. Midocean ridges
are visible, and the slope varies away from the
ridges. A similar conclusion emerges from com-
parison of the ¢ltered geoid slope versus age
(Fig. 2c) to the geoid slope versus age without
spatial ¢ltering (Fig. 2b). The ¢ltering reduces
the scatter in the slope data signi¢cantly, making
the age-dependent signal clearer and hence more

suitable for discriminating between lithospheric
cooling models.

A quantitative measure of the mis¢t, c2, be-
tween the observations, yi, and predicted values,
yªi, is given by

c2 � 1
N

XN

i�1

�yi3ŷi�2
c 2

yi

where c 2
yi

is the standard deviation of the obser-
vations. To compare the ¢ltering steps, we nor-
malized mis¢ts, dividing that for each model by
that found for GDH2. This formulation allows
comparison of the mis¢ts between Figs. 2b^d, in
which the successive ¢ltering stages reduce the
c 2

yi
. The mis¢ts show that the data are better ¢t

by the two thin-plate models (GDH1, GDH2)
than by the thicker-plate (PSM) or halfspace
(HS) models.

Although the bandpass ¢ltered geoid slope map
(Fig. 1D) looks more like the age map than the
geoid or ¢ltered geoid, there clearly are other ef-
fects beyond the age dependence. Some of the
e¡ects appear to re£ect hotspot swells, such as
Hawaii. To reduce these e¡ects, we used a win-
dow function based on the ratio of geoid to topo-
graphy, a quantity often used in gravity studies
(e.g. [40]). In our application, we used the abso-
lute value of the gradient of the geoid to topo-
graphy ratio, and excluded values greater than
5 mm km32. For topography, we used the
ETOPO5 dataset, rather than the newer data
[24], because the latter derive the topography
from the geoid, so their use might introduce
some bias. This window function (Fig. 1E) seemed
to eliminate many of the swells (Fig. 1F) from the
geoid slope map, and hence reduced the scatter in
the geoid slope versus age plot (Fig. 2d). The
superior ¢t of the thin-plate models over the half-
space and thick-plate models is thus even clearer.
This result is robust to the choice of halfspace
model parameters, because slope at young ages
is constrained at V315 cm/Ma by the require-
ment that the thermal model parameters match
depth data for young ages. As a result, reasonable
halfspace models make similar predictions and do
not ¢t the data as well as a plate model.

After each step, the amount of scatter remain-
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ing in the data is reduced, as shown by the de-
creasing widths of the stippled regions in Fig. 2.
This scatter has many possible causes. One may
re£ect intrinsic variations in lithospheric thermal
and crustal structure about their mean values for
any age, which cause similar scatter in ocean
depth data. Another e¡ect is presumably incom-
plete removal of the sublithospheric mantle signa-
ture. In addition, some of the scatter re£ects er-
rors in the age grid: sharp spikes in Fig. 2c,d
correspond to the isochrons used by Mueller et
al. [3].

The puzzling decrease in geoid slope at young
ages may re£ect previously observed di¤culties
with geoid data for young ages [32]. Fracture-
zone geoid slope data for ages younger than
about 30 Ma are discordant from those for older
ages, and are inconsistent with either plate or
halfspace thermal models. This problem may in
part re£ect incomplete removal of partially com-
pensated topography.

4. Conclusions

These results indicate that the geoid can be
used as a tool for studying the thermal evolution
of oceanic lithosphere. Spatial bandpass ¢ltering
and formation of the geoid slope (in itself a spa-
tial ¢lter) can extract the age-dependent signal
from the new, high-quality, oceanwide geoid
data. This success is gratifying, given that the sub-
lithospheric signal to be removed far exceeds the
lithospheric signal sought. Hence although the ¢l-
tering does not extract a perfect cooling signal, it
does quite well. The observation that both ocean-
wide geoid slope and geoid slope across fracture
zones are better ¢t by a thin-plate model than
halfspace and thick-plate models argues that the
two data types, each of which is prone to di¡erent
errors, both record the cooling process with rea-
sonable ¢delity. Hence we believe that geoid data
provide strong support for the idea of the litho-
sphere approaching an average equilibrium ther-
mal structure at old ages, as also implied by the
depth and heat £ow data. Moreover, given that
relatively simple processing of oceanic geoid data
can provide such useful constraints, we anticipate

a renewed interest in analyzing such data, using
techniques similar to those used, and using the
results to formulate and test models of the ther-
mal evolution of the lithosphere.
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