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Simple models for the flexure of the lithosphere caused by the load of the Great Meteor seamount have
been determined for different assumed values of the effective flexural rigidity of the lithosphere. The
models utilize a new method for determining the flexure of the lithosphere caused by a three-dimensional
load. The gravity effect of the models has been computed and compared with observed free-air
anomalies in the vicinity of the seamount, Computations show that the observed free-air anomalies can be
most satisfactorily explained for an assumed efective flexural rigidity of the lithosphere of about 6 X 10%
dyn cm. This value, which is similar to other values determined for loads of different ages, suggests that
the oceanic lithosphere is rigid enough to support applied loads for periods of time of at least several tens

of millions of years.

A basic postulate of the modern concept of plate tectonics is
that a strong rigid outer layer of the earth (the lithosphere)
overlies a weaker layer (the asthenosphere). The assumption
that lithospheric plates act as rigid units for up to a few hun-
dreds of millions of years is implicit in the reconstruction of
past plate motions. It may seem at first that the concept of
rigid lithospheric plates is contrary to the principle of isostasy,
which in the classical formulation by Airy implies that flow
may occur at shallow depths in the crust in response to applied
stress differences. However, a number of early studies [Barrell,
1915; Gunn, 1943, 1947, 1949; Vening Meinesz, 1931;
Heiskanen and Vening Meinesz, 1958)] emphasized the impor-
tance of considering the finite strength of the outer layer of the
earth in explaining a variety of geological and geophysical data
in the vicinity of surface loads. The concept of regional com-
pensation introduced by Vening Meinesz [1931] provides a
method by which topography can be supported that is consist-
ent with the existence of a strong lithosphere. In particular,
Vening Meinesz [1941] found that gravity anomalies near
Hawaii could be best explained if the lithosphere responded to
applied surface loads in the same manner as if it were a uni-
form elastic beam overlying a weak fluid.

The concept of plate tectonics has increased interest in the
long-term mechanical behavior of the lithosphere. Walcott has
studied applied loads of long duration associated with
sediments [Walcott, 1972], the interior plains of Canada
[Walcott, 1970b], and the Hawaiian ridge [Walcott, 1970c].
Walcott [1970a] concluded that the lithosphere responds to
long-term loads as a viscoelastic substance with a time con-
stant of about 10° years. This model implies that although the
lithosphere will support applied loads, its rigidity decreases
with time, and therefore compensation of the load becomes
more and more local in nature.
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Recent studies have used gravity anomalies to examine the
manner in which the lithosphere responds to surface loads
[Cochran, 1973; Watts and Talwani, 1974, Watts and Cochran,
1974]. The mass distribution implied in the manner in which
the lithosphere supports surface loads generally gives rise to
characteristic anomalies that can easily be distinguished in
observed free-air anomalies. From a study of the flexure of the
lithosphere caused by the Hawaiian-Emperor seamount chain
Watts and Cochran [1974] concluded that the lithosphere has a
finite strength and that no difference can be discerned in the
effective flexural rigidity deduced from loads of greatly
different ages. This model implies that the effective flexural
rigidity of the lithosphere reaches a finite, nearly constant
value after a few million years of loading and that it is rigid
enough to support surface loads for periods of time of at least
several tens of millions of years.

The most useful parameter in loading studies is the effective
flexural rigidity, which is a measure of the resistance of the
lithosphere to deformation. A ‘best-fitting’ effective flexural
rigidity that most completely explains geological and
geophysical data in the vicinity of the load is usually deter-
mined. It should be noted that the effective flexural rigidity is
not the actual rigidity of the lithosphere but is rather the rigidi-
ty of a uniform elastic beam that responds to an applied load
in the same manner as the lithosphere would. The success of
the simple model of flexure in explaining a wide variety of
geological and geophysical data associated with surface loads
is, however, strong support for the assumption that the effec-
tive flexural rigidity is closely related to the actual properties of
the lithosphere. .

The studies mentioned above involved almost exclusively
two-dimensional models and thus were confined to features
that could be approximated as being two dimensional, such as
continental margins and volcanic ridges. Walcott [1970c] used
a three-dimensional model to study the deflection near the end
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of the Hawaiian ridge. Although he did not detail his method,
he apparently found the average load in an annulus surround-
ing the deflection point and used an expression for a ring load.

In this paper we present a method for determining the flex-
ure of the lithosphere caused by a three-dimensional surface
load and apply the method to determine the flexure of the
lithosphere caused by the Great Meteor seamount in the
northeast Atlantic. In addition, we use observed free-air gravi-
ty anomalies in the vicinity of the seamount to deduce a best-
fitting effective flexural rigidity for the oceanic lithosphere in
that region. We then discuss the significance of this value in
relation to the long-term mechanical properties of the litho-
sphere and to regional changes in its thickness.

THEORY OF METHOD

The deflection of a uniform elastic beam (or plate) overlying
a fluid substratum caused by a three-dimensional load was first
considered by Hertz [1884], who took as his physical example
a load applied to a sheet of ice. He solved the basic differential
equation

D.V'z + (pm — pcJgz = P n

for the case where P is a point load applied at the origin. In (1),
g is gravity; p,, and p. are the densities of the material beneath
and above the plate, respectively; and D is the flexural rigidity
of the plate. The coordinate system is chosen with the z axis
positive in the upward direction. Hertz obtained as the solu-
tion for the deflection z,

;= a’P
2‘"'(Pm - pc)g

* e~ """ sin (arv) dv
[ FReme o
where r is the distance from the point where the load is applied
to the point where the deflection is measured, v is an integra-
tion variable, and a* = (p,, — p.)g/4D; a has dimensions of
reciprocal distance and was referred to as the ‘lithospheric
constant’ by Gunn [1943]. Walcott [1970a, b, c] defined 1/a as
the ‘flexural parameter.’

Equation (2) may be expanded around the origin first as a
series of Bessel functions, then in powers of r [Hertz, 1884] to
obtain

In
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Fig. 1. Schematic representation of a three-dimensional load as a
differential sector of two circles; S is the point at which the deflection is
computed, and rdpdr is an area element.
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where C is a constant with the value 0.57721. Equation (3) is a
good approximation to (2) and is well behaved in the range in
which it is applied in this study (ar < 1).

Equation (3) is in a form appropriate to be integrated over
the load to obtain the deflection due to a distributed load. For
purposes of computation the load is most conveniently treated
as a rectangular array of, for example, the average elevation
above an assumed base line of 10 X 10 min squares.
Equation (3) can then be integrated over each square and
summed for all the squares composing the load to obtain the
total deflection. The function to be integrated, however, is ex-
pressed in terms of the distance from the point at which the
deflection is to be computed to the load element and is thus
more easily integrated in polar rather than rectangular coor-
dinates. The load could be expressed in compartments that are
symmetrical about the point at which deflection is to be
calculated, as is done in the computation of gravity terrain
corrections. However, this involves the tedious procedure of
computing a new set of load divisions for each deflection
point.

We choose, rather, to work with rectangular divisions and
to approximate each as the differential sector of two circles
(Figure 1). We take 7,4, — r, = sand A¢ = ¢n1y — ¢ = 5/p,
where s is the length of a side of the load division and p is the
distance from the center of the load division to the deflection.
This is a good approximation if s << p. If the load division is
close to the deflection point, the division is subdivided so that
this condition holds. If the deflection point is within the load
division or at a great distance from it, the load division is
treated as a point load.

From Figure | an area element is given by rdrd¢. Integra-
tion over r gives

a’PA¢ I:Lr‘ (log (@) 1 )

T 2Gom —pel 4 \ 4 16
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which is evaluated between the limits r = p + (s/2)and r = p —
(s/2) to give the contribution from the load division.

We show in Figure 2 a comparison between the deflections
obtained from a two-dimensional calculation and those ob-
tained from three-dimensional calculations due to different
types of loads. In each case the load had a cross section con-
sisting of a block 5 km high and 112 km wide. The deflections
have been computed for an assumed effective flexural rigidity
of 1 X 10* dyn cm. In the *square’ load the deflection curve is
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Fig. 2. Comparison of the deflection of an elastic beam (or plate) caused by two-dimensional and three-dimensional
surface loads. The effective flexural rigidity of the beam is assumed to be 1 X 10¥ dyn cm. Note that the deflection of the
beam is similar for the case of a two-dimensional load (2D) and a three-dimensional load that extends several hundreds of
kilometers normal to the profile (3D ‘long’ load). For a load as long as it is wide (3D ‘square’ load) the deflection is
about a factor of 4 less than it is for a two-dimensional load.

for a profile through the center of a load extending 112 km
normal to the profile. The maximum deflection was slightly
under 2 km. The ‘long’ load case is a profile across the center
of a 1200-km-long load. This is a situation where a two-
dimensional model should be applicable, and indeed, the two
curves agree closely, the maximum difference being only a few
tens of meters. The large difference in the deflection between
the square load and the long load cases illustrates the necessity
of using a three-dimensional approach in considering loads of
the size of individual seamounts.

APPLICATION OF METHOD TO THE GREAT
METEOR SEAMOUNT

Great Meteor seamount, discovered during the 1937 cruise
of the F/S Meteor, is a broad flat-topped seamount located at
30°N, 28°30'W, 1280 km west of Africa and 720 km south of
the Azores (Figure 3). The seamount forms part of a chain of
seamounts trending south from the Azores, which also in-
cludes the Atlantis, Cruiser, and Hyeres seamounts.

The bathymetry of the seamount has been discussed by
Heezen et al. [1954], Pratt [1963], and Heezen and Hollister
[1971]. We present in Figure 3 a bathymetry map of the
seamount that was compiled from charts of Pratt [1963] and
Uchupi [1971] and data gathered during the 1965 cruise of the
F/8 Meteor [Fleischer et al., 1970] and the 1966 cruise of the
R/V Vema. The secamount has a broad summit at a depth of
about 250 m elongate in a north-south direction and an ellip-
tical base at a depth of about 4400-4800 m, The upper slopes
of the seamount dip steeply (up to about 12°) to a depth of
about 2200 m. At greater depths the slope decreases to form a
broad apron surrounding the base of the seamount.

Although a number of dredge hauls have been carried out
on the summit and slopes of the seamount, its age is not
known with certainty. Prart [1963] has described foraminiferal

limestones from the summit of the seamount that are unlikely
to be younger than Miocene in age. Heezen and Hollister

-[1971] have described reef rocks from the summit and lavas

from the slopes, but these rocks have not been dated.

Seismic reflection and refraction studies of the seamount
have been discussed by Hinz [1969] and Aric et al. [1970]. The
uppermost part of the seamount consists of sediments with
velocities of 2.7-3.8 km/s. The sediments are underlain by
‘basement’ rocks with velocities of 5.9-6.0 km/s. The deep
crustal structure beneath the seamount is uncertain, and the
depth to the ‘Moho’ has not been determined.

Gravity measurements in the vicinity of the Great Meteor
seamount were obtained during the 1965 cruise of the F/S
Meteor [Fleischer et al., 1970] and the 1966 cruise of the R/V
Vema (Figure 3). The measurements during both cruises were
obtained with the improved versions of the Graf-Askania sea
gravimeter described by Graf and Schulze [1961] mounted on
gyrostabilized platforms. The platform used during the F/S
Meteor cruise was an Anschiitz platform [Fleischer et al.,
1970], and that used during the R/V Vema cruise was an
Alidade platform. The platforms differ mainly in the type
of primary vertical reference and erection networks used
to slave them.

In addition to errors in the measuring instruments, errors
arise in gravity measurements owing to horizontal and vertical
accelerations acting on the ship. In Graf-Askania sea
gravimeters mounted on gyrostabilized platforms the most
significant of these are the cross-coupling and off-leveling
errors [LaCoste and Harrison, 1961]. The cross-coupling error
was minimized during the F/S Meteor cruise by adding the un-
corrected gravity signal from two oppositely mounted
gravimeters. During the cruise of the R/V Vema a single
gravimeter was used. The cross coupling was computed in real
time and subtracted from the uncorrected gravity signal.
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Fig. 3. Ship’s tracks of the R/V Vema and the F/S Meteor in the region of the Great Meteor seamount. The bathymetry
of the seamount has been compiled from work of Pratt [1963] and Uchupi [1971] and data obtained on the R/V Vema

and F/S Meteor cruises.

The overall accuracy of the gravity measurements has been
estimated from an analysis of discrepancies at intersecting

ship’s tracks. An analysis of intersections shows that signifi-,

cant differences occur between the cruises of the F/S Meteor
and those of the R/V Vema. The largest discrepancies occur in
regions of steep gravity gradients and could be explained in
part by uncertainties in navigation. In these regions we have
relied on the R/V Vema data, since the R/V Vema was
equipped with a satellite navigation system. We were able to
analyze intersections of the R/V Vema cruise with more recent
cruises of the R/V Vema in the area. The overall accuracy of
the 1966 survey estimated from the mean discrepancy of 11 of
these intersections is 6.0 mGal.

The deflection of the lithosphere caused by the load of the
Great Meteor seamount has been computed by using the
method for three-dimensional loads outlined in the previous
section. The load was obtained from the bathymetry map in
Figure 3 by averaging the elevation above a *base line’ over 10
X 10 min squares. The base line was determined from the
regional topography in the region of the seamount and slopes
E21°S from a depth of about 4400 m on the western side of the
seamount to about 4900 m on the eastern side.

The densities required in the computations are the density of
the load, the density of the material infilling the deflection, and
the density of the substratum. The choice of suitable values for
these parameters at seamounts has been discussed by Watis
and Cochran [1974]. In this study we assume that the density of
the load is 2.8 g/cm?, the density of the material infilling the
deflection is 2.8 g/cm?, and the density of the substratum is 3.4
g/cm®.

We show in Figure 4 the computed deflection of the
lithosphere due to the load of the Great Meteor seamount for
an assumed effective flexural rigidity of the lithosphere, D, of 6
X 10* dyn cm. The main feature of the deflection is a nearly
circular depression that extends beneath the load and some
distance beyond it (Figure 4). The maximum depression occurs

beneath the crest of the seamount and is about 2.6 km. In addi-
tion, a broad region of slight uplift borders the circular depres-
sion. The distance to the region of uplift is 220 km, and the
maximum uplift is about 30 m.

We have calculated the gravity effect of the simple flexure
models using the three-dimensional method of Talwani and
Ewing [1960]. The gravity effect of the flexure models is simply
the sum of the gravity effect of the deflection and the gravity
effect of the load. The density contrast associated with the
deflection is assumed to arise at the layer 2-layer 3 boundary
and at the Moho. Uniform density contrasts of —0.1 and —0.4
g/cm®, respectively, were assumed at these boundaries. In the
computations we assume a thickness of 1.5 km for layer 2 and
5.0 km for layer 3. These thicknesses are in general agreement
with the seismic structure of the oceanic crust deduced in other
regions of the Atlantic [Ewing, 1969]. Since the load displaces
water, a uniform density contrast of (2.80 — 1.03) = 1.77
g/cm? is assumed for the load.

The gravity effects of the simple models of flexure are shown
in Figure 5 in map form and in Figure 6 as profiles across the
seamount. The computations have been carried out for effec-
tive flexural rigidities of the lithosphere of 2 X 10%, 6 X 10%,
and 4 X 10 dyn cm. The computations show a large-
amplitude positive gravity anomaly associated with the crest of
the seamount that varies in amplitude from +231 to 282 mGal.
The positive anomalies are bordered by a broad region of
negative gravity anomalies in the range —11 to —30 mGal. The
gravity anomalies are slightly positive in the region bordering
the negative anomalies.

The amplitude and the wavelength of the computed gravity
anomalies change for different values of the assumed effective
flexural rigidity of the lithosphere (maps B, C, and D in Figure
5; Figure 6). Large-amplitude positive anomalies (up to +282
mGal), small-amplitude negative anomalies (up to —14 mGal),
and long-wavelength anomalies characterize an effective flex-
ural rigidity of 4 X 10* dyn cm. Smaller-amplitude positive
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anomalies (up to +231 mGal), larger-amplitude negative
anomalies (up to —30 mGal), and shorter-wavelength anom-
alies characterize an effective flexural rigidity of 2 X 10*®
dyn cm. The differences between the gravity anomalies
resulting from these effective flexural rigidities are clearly
significant, and it should be possible to distinguish between
them in observed free-air anomalies in the vicinity of the
seamount.

An observed free-air anomaly map of the seamount is
shown in map A of Figure 5. The map shows that the summit
of the seamount correlates with positive anomalies of about
+250 mGal. Negative anomalies in bordering regions reach a
minimum in the range —13 to —43 mGal. The lowest values
are observed north of the seamount and may arise at least
partly from the additional load of the Hyeres seamount to the
north. The regions east and south of the seamount are
associated with negative anomalies of about —13 mGal.

A comparison of the computed gravity anomalies with the
observed free-air anomalies gives a likely range of values for
the effective flexural rigidity of the lithosphere. The computed
gravity anomalies for an effective flexural rigidity of 2 X 10%®
dyn cm (map C in Figure 5) predict smaller-amplitude
positive anomalies associated with the crest of the seamount
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and larger-amplitude negative anomalies in peripheral regions.
than are observed (map A in Figure 5). Furthermore, the
anomalies computed for an effective flexural rigidity of
4 X 10*® dyn cm (map B in Figure 5) predict larger-
amplitude positive anomalies associated with the crest of
the seamount and smaller-amplitude negative anomalies in
peripheral regions than are observed (map A in Figure 5).
Thus this comparison suggests that the effective flexural
rigidity is between 2 X 10%* and 4 X 10* dyn cm.

Clearly, the ability to obtain a best-fitting effective flexural
rigidity depends partially on the accuracy of the observed data
and partially on successful isolation of the total gravity effect
of the seamount from other contributions to the gravity field in
the region. These contributions could take the form of long-
wavelength regional changes in gravity as well as short-
wavelength local changes such as would be expected in regions
of rugged sea floor topography. For an individual seamount,
such as the Great Meteor seamount, the gravity anomalies
associated with the flexure models in areas bordering the
seamount are small and cannot easily be separated from the
short-wavelength changes in gravity caused by rugged sea
floor topography.

The general agreement between observed and computed

L3 3P 30° 29° 28° 27° 26° 25°
33 - a : - 33
329
3
30°
29°
28°

DEFLECTION CONTOUR
INTERVAL 250 meters
70 D=6x10" Dyne-cm
3 3P 30° 2 26° 2r 26° 25°

Fig. 4. Deflection of the lithosphere caused by the load of the Great Meteor seamount for an assumed flexural rigidity
of the lithosphere, D, of 6 X 10 dyn cm. The contoured surface shown represents the depth to the deformed surface of the
upper crustal layer (layer 2). Regions of upward deflection are shaded.
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Fig. 6. Comparison of profiles of observed free-air anomalies with computed gravity anomalies in the region of the
seamount. The computed profiles have been constructed from maps B, C, and D of Figure 5. The model of crusta) deflec-
tion shown has been computed for“an effective flexural rigidity of 6 X 10 dyn cm.

gravity anomalies (Figures 5 and 6) allows, however, a best-
fitting value for the effective flexural rigidity to be determined.
We show in Figure 5 (map D) and Figure 6 the computed
effect for an effective flexural rigidity of 6 X 10? dyn cm. The
computed anomalies for this value, which is intermediate
between 2 X 10® and 4 X 10® dyn cm, are similar to the
observed anomalies. The fit is particularly good on the crest of
the seamount (Figures 5 and 6). The mean discrepancy
between observed and computed anomalies for this rigidity is
+2.0 mGal. We thus conclude from this comparison that the
best-fitting value for the effective flexural rigidity of the
lithosphere in the region of the Great Meteor seamount is
about 6 X 10* dyn cm.

INTERPRETATION AND DISCUSSION

There is good evidence that the effective flexural rigidity is
closely related to the actual properties of the lithosphere. Thus
the comparison of determinations of the effective flexural
rigidity obtained from the study of loads of different ages can
provide important information on the long-term behavior of
the lithosphere. In addition, since the effective flexural rigidity
is proportional to the cube of the effective thickness, deter-
minations of the effective flexural rigidity in the vicinity of
loads of similar ages may provide information on regional
changes in the thickness of the lithosphere.

In Table 1 we have compared the best-fitting effective flex-

ural rigidity obtained from the Great Meteor seamount with
determinations obtained in other studies. Unfortunately, we
cannot compare the Great Meteor value directly, since its age
is poorly known. The location of the seamount near the 81-
m.y. isochron of Pitman and Talwani [1972] places an upper
limit on the possible age. The foraminiferal limestones present
on the summit of the seamount [Prarz, 1963] suggest an age
greater than 7 m.y. The comparison does show, however, that
the effective flexural rigidity determined for the Great Meteor
seamount is similar to values previously determined for the
Hawaiian ridge 'and the Emperor seamounts, which are gen-
erally lower than values for the Caribou Mountains or the
interior plains of Canada (Table 1).

We have recently concluded that the effective flexural rigidi-
ty does not change significantly with time for loads with a
duration greater than a few million years [Watts and Cochran,
1974]. This conclusion was based on a study of the loads of the
Emperor seamounts and the Hawaiian ridge, which range in
age from about 3 to 60 m.y. and are located on the same
relatively old (80-120 m.y.) oceanic lithospheric plate. The
Great Meteor seamount is also located on relatively old (about
80 m.y.) oceanic lithosphere. Thus the similarity of the Great
Meteor value to the Emperor seamounts.and Hawaiian ridge
values is further support for this conclusion.

The difference between the Emperor seamount-Hawaiian
ridge and Great Meteor values and the interior plains of
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TABLE 1. Comparison of Best-Fitting Effective Flexural Rigidity Obta?ed From the Great
Meteor Seamount With Determinations From Other Studies
Effective Y
Flexural Age of
Rigidity D, Load
Lithosphere Load dyn cm x 106 yr Reference
Continent Caribou 3 x 1030 5 Waleott [1970a]
Mountains
Continent Interior 4 x 1030 5 Walecott [1970a]
plains .
Ocean Hawaiian Watts and Cochran
(100-120 m.y.) ridge- 5' x 1029 3-60 [1974]
: Emperor
seamounts
Ocean Great 6 x 1029 7-80 This paper
(80 m,y.) Meteor
Continent/ocean (?) Amazon cone 2 x 1030 uncertain Cochran [1973]

Canada and Caribou Mountains values could be caused, at
least partly, by differences in thickness between these oceanic
and continental lithospheric plates. The Great Meteor
seamount, the Hawaiian ridge, and the Emperor seamounts
are all located on oceanic lithosphere that was probably
relatively old at the time of loading, whereas the Caribou
Mountains and the interior plains of Canada are located on
continental lithosphere. The ratio of the thickness of the
oceanic lithosphere to that of the continental lithosphere,
To/Tc, is given by
To/Tc = (Do/Dc)?

where Do is the effective flexural rigidity of the oceanic
lithosphere and Dc is the effective flexural rigidity of the con-
tinental lithosphere. With Do = 6 X 10?® and D¢ = 4.5 X 10*
dyn cm (Table 1) we get To/Tc ~ 2. Thus a factor of about 2
difference between the actual thickness of the old oceanic
lithosphere and that of the continental lithosphere could ex-
plain the observed differences.

Clearly, the implication of changes in the effective flexural
rigidities is still uncertain owing in part to a limited number of
determinations. We believe, however, that with the aid of a
method of studying three-dimensional loads on the lithosphere
a number of isolated seamounts can now be studied. We
should then be able to obtain more effective flexural rigidity
determinations and to understand better the long-term
mechanical properties of the lithosphere as well as the regional
changes in its thickness.
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