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On Isostasy at Atlantic-Type Continental Margins 
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Cross-spectral techniques have been used to analyze the relationship between free air gravity 
anomalies and topography of approximately 100 profiles over the continental margins of eastern North 
America, southwest Africa, and the Coral Sea/Lord Howe Rise. The resulting admittance functions for 
these margins have been interpreted in terms of the flexure model of isostasy. The relatively young 
Coral Sea/Lord Howe rise margin is associated with the lowest value of the effective elastic thickness 
(Te < 5 km), while the relatively old eastern North American margin is associated with the highest 
value (10 < Te < 20 km). Thus Te appears to increase with the age of the margin. These results, which 
are consistent with flexure studies from the major ocean basins, have been interpreted in terms of a 
simple model in which the flexural strength of the lithosphere increases with age. The model suggests 
that a low-rigidity plate (or Airy-type model) is most applicable early in rifting history, while a high- 
rigidity plate is more applicable later in margin evolution. Thus sediments at a margin initially load a 
relatively thin and hot plate, while sediments later in margin evolution load a relatively thick and cold 
plate. The model explains a number of features of the tectonic-stratigraphic evolution of margins. 
These include a change in flexural style from a narrow and deep basin to a broad and shallow basin, 
coastal plain onlap, and uplift in the continental interior. Furthermore, the flexure model of isostasy 
contributes in a major way to observed free air gravity anomalies at continental margins. In particular 
the model explains the existance of (Airy) isostatic gravity anomalies at margins. The amplitude and 
wavelength of these anomalies are a function of the sediment supply, the type of mechanisms 
controlling sediment deposition (up building and/or out building), and the thermal structure, history, 
and age of the margin. 

INTRODUCTION 

The concept of isostasy describes the manner in which 
topographic features on the earth's surface are compensated 
at depth. The two most commonly used models were those 
developed by Airy [1855] and Pratt [1855]. In the Airy model 
the crust is of constant density but is thicker beneath 
mountain ranges than lowlands. For the Pratt model the 
average crustal density is smaller beneath mountain ranges 
than lowlands. These models generally satisfied the early 
requirements of physical geodesy but initially were only of 
limited interest to geologists and geophysicists. Subsequent 
seismic studies showed that the Airy model, in particular, 
satisfactorily explained variations in crustal structure associ- 
ated with such features as mountain ranges and continental 
margins [Heiskanen and Vening Meinesz, 1958; Worzel, 
1965]. 

Worzel attributed the free air gravity anomaly at Atlantic- 
type continental margins to the transition between relatively 
thick continental crust and thin oceanic crust. This anomaly 
is generally characterized by a positive peak of up to +50 
mgal over the outer continental shelf and a negative trough 
of up to -50 mgal over the continental slope and rise. Gray 
and Stacey [1970], Talwani and Eldholm [1972, 1973], and 
Rabinowitz [1974], for example, corrected the free air anom- 
aly for crustal structure using the Airy model. They dis- 
cussed the resulting isostatic gravity anomaly in terms of 
lateral density variations in the crust. In particular, Talwani 
and Eldholm [1972] interpreted the anomaly in terms of the 
ocean/continent boundary. 

The Airy model, however, implies a crust that cannot 
support vertical shear stresses or their equivalent gravity 
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anomalies. J. Barrell argued as early as 1914 that isostatic 
equilibrium in the form envisaged by Airy could not exist 
everywhere on the earth's surface because of the finite 
strength of the crust. Barrell [1914] defined this strong rigid 
upper layer of the earth as the lithosphere. 

A number of studies [Vening Meinesz, 1941; Walcott, 
1970; Watts and Cochran, 1974; McNutt and Menard, 1978; 
Watts, 1978; Watts et al., 1980] have subsequently investi- 
gated the response of the lithosphere to surface loads such as 
seamounts and oceanic islands. These studies indicate that 

in a number of cases the response of the lithosphere to 
surface loads can be modelled as that of a thin elastic plate 
overlying a weak fluid. This model of isostasy, referred to as 
the flexure model, is similar to the Airy model in which 
surface loads are supported by crustal thickening, but differs 
by including the lateral strength of the crust. A useful 
parameter in the flexure model, which characterizes the 
response of the lithosphere to these loads, is the effective 
flexural rigidity. These studies show that the effective flexur- 
al rigidity of oceanic lithosphere ranges from 7 x 1026 to 1 x 
10 TM dyn-cm and is a strong function of crustal age and 
temperature. 

The sediments which accumulate at a continental margin 
also constitute a load on the lithosphere. Gunn [1944], 
Walcott [1972], and Cochran [1973] showed that the charac- 
ter of the gravity anomalies and the sedimentary thicknesses 
at a continental margin are consistent with the flexure 
model. However, Walcott, by assuming a relatively high 
uniform effective flexural rigidity (2 x 10 30 dyn-cm), was not 
able to explain the existence of relatively narrow (• 150 km) 
continental shelves. 

Seismic reflection profiling has shown that continental 
margins are generally characterized by substantial thick- 
nesses of seaward-dipping sediments overlying a faulted 
continental basement [Given, 1977; Austin et al., 1980; de 
Charpal et al., 1978]. Biostratigraphic studies show that 
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Fig. la. Location of free air gravity anomaly and topography profiles off eastern North America used in this study. 
The position of the land fall line is based on King [1969], Jansa and Wade [1975], and Austin et at. [1980] offshore. The 
southern location of the East Coast magnetic anomaly is from Rabinowitz [1974] and has been interpreted as 
representing the ocean-continent boundary [Forger et at., 1979]. The North Atlantic Mesozoic magnetic anomaly 
sequence is from $chouten and Ktitgord [1977]. The position of the hinge zone is based on Maher and Apptin [1971], 
Jansa and Wade [1975], Dillon et at. [1979], and Austin et at. [1980]. Bathymetry (meters) is from Uchupi [1971]. 
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most of these sediments were deposited in continental or 
shallow water marine environments. A number of studies 
[Sleep, 1971; Watts and Ryan, 1976; Steckler and Watts, 
1978] have shown that the postrift tectonic subsidence of 
margins can be explained in terms of simple thermal cooling 
models. These observations suggest that the effective flexur- 
al rigidity, and therefore the state of isostasy, may vary 
during the evolution of the margin. 

The overall objective of this paper is to determine informa- 
tion on the isostatic mechanism at Atlantic-type continental 
margins. In particular, we will determine whether the flexure 
model of isostasy, which has successfully been used at other 
geological features in oceans, is applicable at margins. The 
procedures we use are (1) to determine the relationship 

between observed free air gravity anomalies and topography 
at margins, (2) to interpret this relationship in terms of 
different models of crustal as well as thermal isostasy, and 
(3) to use the preferred models of isostasy to better under- 
stand the origin and evolution of continental margins. 

GEOLOGICAL SETTING 

We have used in this study free air gravity anomaly and 
topography data from three Atlantic-type continental mar- 
gins which differ in their age of formation and sedimentation 
history. The eastern North American margin has an age of 
-170 m.y.b.p. with sediment thicknesses of 10-15 km; 
southwest Africa has an age of-•110 m.y.b.p. with 5-8 km 
of sediment primarily in the Orange River Basin; and the 
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gravity anomaly and the 'isostatic' gravity anomaly calculated as the difference between the observed and predicted 
free air gravity anomalies. 
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Fig. 2a. Location offtee air gravity anomaly and topography profiles over the southwest African margin used in this 
study (the legend is as for Figure la). The position of the fall line is based on Dingle [1973]. The ocean-continent 
boundary can be defined by two conflicting criteria: (1) position of G magnetic anomaly [Rabinowitz, 1976] and (2) 
(preferred) transition from rough to smooth reflection seismic character of the basement [Gerrard and Smith, 1982]. The 
Cape Sequence magnetic spreading anomalies are from Rabinowitz [1976]. Hinge zone position is from Gerrard and 
Smith [1982] and is only known in the Orange River basin. Bathymetry (meters) is from Uchupi [1971]. 

Coral Sea/Lord Howe rise has an age of--•60 m.y.B.P. and 
sediment thickness generally less than 1 kin. These margins 
therefore are suitable for the study of the state of isostasy at 
margins and how this varies with time. 

The eastern North American margin (Figure 1) is charac- 
terized by substantial thicknesses (> 10 kin) of mainly shal- 
low water Cenozoic and Mesozoic sediments. Rift sedi- 

ments, primarily terrigenous clastics, volcanics, and 
evaporites were deposited in grabens formed by rifting of the 
basement rocks during the Late Triassic-Early Jurassic 
[Austin et al., 1980]. These rift sediments crop out in the 
Newark and Connecticut basins and probably underlie the 
Cenozoic and Mesozoic sediments of the margin. 

The margin is located adjacent to a magnetic quiet zone 
and magnetic anomaly M-25 (146 m.y.B.P., Van Hinte, 
[1976]). The age of basaltic volcanism associated with the 
formation of the margin is at the Lias/Trias boundary (195 
m.y.B.P., Van Houten [1977]). These considerations there- 
fore suggest an age for the formation of this margin at about 
170 m.y.B.P. 

Figure 1 summarizes the main structural elements of the 
eastern North American margin. The fall line represents the 
commencement of the gently dipping coastal plain sediments 
which gradually increase in thickness towards the hinge zone 
[Jansa and Wade, 1975; Watts and Steckler, 1979; Austin et 
al., 1980]. The hinge zone is a major thermal and mechanical 
boundary at the margin and probably represents the transi- 
tion between relatively unstretched continental crust and 
crust that has been stretched and thinned during rifting 
[Watts and Steckler, 1979]. The East Coast magnetic anoma- 
ly has been interpreted as indicating the location of the 
ocean-continent boundary [Rabinowitz, 1976; Folger et al., 
1979]. 

The South African margin consists of both rift and shear 
components. South of the Agulhas fracture zone, the margin 
is dominated by strike-slip faulting and exhibits truncated 
continental structures. The margin north of the fracture zone 
(used in this analysis) varies considerably in width and 
sediment thickness. 

Figure 2 summarizes the main structural elements for the 
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South African margin. Mesozoic magnetic lineations M0- 
M11 (the Cape Sequence) indicate the oldest oceanic crust is 
128 m.y.B.P. [Rabinowitz, 1976; Larson and Ladd, 1973] 
thereby dating the age of the margin. This age has been 
substantiated by DSDP sites 360 and 361 [Shipboard Scien- 
tific Party, 1978]. The identification of the Mesozoic magnet- 
ic anomalies in the Orange River Basin is, however, in 
doubt. The G anomaly (Figure 2) has been interpreted as 
representing the ocean-continent boundary [Rabinowitz and 
LaBrecque, 1979]. Commercial drilling seaward of the G 

anomaly, however, terminated in acidic lavas, volcanoclas- 
tics, and intercalated basalts and redbeds, which are inter- 
preted as overlying continental basement [Gerrard and 
Smith, 1982]. We show in Figure 2 the most likely location of 
the ocean-continent boundary based on seismic data [Ger- 
rard and Smith, 1982]. 

The stratigraphy and nature of the earliest rift sediments 
for this margin are, however, poorly known. Seismic refrac- 
tion data [Rabinowitz, 1976] indicate that a large portion of 
the margin formed by progradation of the sediments. Prelim- 
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characterizes on and off ridge type loading, respectively. For the eastern North American margin the best fitting T•, in a 
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inary commercial drilling indicates the margin is comprised 
of a sequence of Cretaceous to Cenozoic sediments which 
overstep pre-Mesozoic basement rocks [Gerrard and Smith, 
1982]. 

The eastern Australian margin (Figure 3) is generally 
characterized by an absence of postrift sediments. Isolated 
rift grabens associated with the opening of the Coral and 
Tasman seas exist west of the Queensland Plateau and in the 
Bass Basin (Figure 3). Numerous narrow rift grabens appear 
to underlie the western margin of the Lord Howe Rise 
[Willcox et al., 1980]. 

Geological and geophysical data suggest that the Queens- 
land Plateau and Lord Howe Rise are undefiain by continen- 
tal basement [Mutter and Karner, 1980; Willcox et al., 1980]. 
These margins are adjacent to magnetic anomalies 24 to 33 in 
the Coral Sea and Tasman Sea basins [Weissel and Hayes, 

accumulations, such as at the eastern North American 

margin, will, however, modify the state of isostasy by 
changing the crustal structure. Studies of the response of 
oceanic lithosphere due to surface loads, such as seamounts 
and oceanic islands, suggest the flexural strength of the 
lithosphere is a strong function of temperature [Watts, 1978; 
Watts et al., 1980]. Sleep [1971], Watts and Ryan [1976], and 
Steckler and Watts [ 1978] have shown that the subsidence of 
margins not related to sediment loading is caused by thermal 
contraction due to cooling and thickening of the lithosphere. 
We would expect, therefore, that sediment loads formed on 
a young lithosphere should be associated with small values 
of the flexural rigidity, while loads formed on old lithosphere 
should be associated with higher values. 

Figure 4 compares selected observed free air gravity 
anomaly profiles of the eastern North American and Coral 

1977; Weissel and Watts, 1979], suggesting the age of Sea/Lord Howe margins with calculated profiles based on a 
formation of these margins is about 60 and 75 m.y.B.P., simple plate model in which the flexural rigidity of the plate 
respectively. 

We show typical free air gravity anomaly and topography 
profiles of the eastern North American and Coral Sea/Lord 
Howe rise margins in Figure 4. The relatively old eastern 
North American margin is characterized by large-amplitude 
gravity anomalies (peak to peak, 100 mgal) and a dominant 
wavelength of 150-200 km. In comparison the relatively 
young Coral Sea/Lord Howe rise margin is characterized by 
small-amplitude gravity anomalies (peak to peak, 60 mgal) 
and longer wavelengths (up to 400 km). The topography of 
this margin is generally similar, showing a well-developed 
shelf, slope, and rise. 

We have investigated, in a preliminary way, the state of 
isostasy at these margins in Figure 4. For the case of the 
Coral Sea/Lord Howe rise margin, where there are only 

varies only as a function of time. The calculated profiles are 
based on a range of assumed flexural rigidity from 1 x 1028 
dyn-cm (corresponding to an effective elastic thickness, Te = 
5 km) to 5 x 10 30 dyn-cm (Te = 40 km) which corresponds to 
loading on young and old lithosphere, respectively [Watts et 
al., 1980, Figure 1]. This figure shows that the selected 
profile for the eastern North American margin can be most 
satisfactorily explained by a relatively high effective elastic 
thickness (Te "• 20 km), while the profile for the Coral Sea/ 
Lord Howe rise margin can be explained by a low effective 
elastic thickness (Te "• 5 km). We investigate these apparent 
differences in the state of isostasy at margins quantitatively 
in the following sections. 

CRUSTAL ISOSTASY 

small sediment thicknesses, the state of isostasy will reflect Previous interpretations of free air gravity anomalies at 
the crustal structure of the margin produced at the time of continental margins have been in terms of isostatic models 
rifting. The loading effects associated with thick sediment which only considered variations in crustal structure. There 
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are two main types of crustal isostatic models: one in which 
compensation is achieved by lateral density variations (for 
example, Pratt-Hayford models) and the other in which 
compensation results from changes in crustal thickness (for 
example, Airy and flexure models). The two most commonly 
used models at margins have been the Airy and flexure 
models [Worzel, 1965; Talwani and Eldholm, 1972, 1973; 
Walcott, 1972; Cochran, 1973; Rabinowitz, 1974; Sobczak, 
1975]. 

Isostatic Models 

A useful method of quantitatively determining the state of 
isostasy at a geological feature was developed by Dorrnan 
and Lewis [1970]. This method assumes that free air gravity 
anomalies are caused by topography and its compensation, 
and attempts to determine a function which, when con- 
volved with topography, reproduces the gravity anomaly. 
The advantage of this method is that this function may be 
derived from observational data, independent of a particular 
isostatic model. Once the function has been determined, 
however, it can be interpreted in terms of simple models of 
isostasy. 

By the repeated use of Green's equivalent layer theorem, 
it is possible to construct theoretical admittance functions 
which represent isostatic processes. The Fourier or frequen- 
cy domain gravity effect of a topographic surface, h(x), at a 
depth d from the measuring plane and of density p, is given 
by (for d >> h(x)), 

G(k) = 2 •r•,pe - •dH(k) ( 1 ) 

where k, the wavenumber, is related to wavelength h by k = 
2•r/X, •, is the gravitational constant, and the uppercase 
symbols refer to the Fourier transform of the corresponding 
functions designated by lowercase symbols. 

For simplicity it is usually assumed that compensation is 
totally achieved at a single interface and that the depth to 
this interface, the depth of compensation, Tc, is the crustal 
thickness. Because of isostatic compensation, the resultant 
gravity effect of the surface topography will result from the 
destructive interference of the gravity effects of the surface 
and the compensating interface. By (1) the gravity effect of 
the ' surface topography (in the Fourier domain) is 

G•(k) = 2,ryAp•e-t'dH(k) (2) 

where Ap• is the density contrast across the surface topogra- 
phy, d is the mean elevation, and H(k) the Fourier transform 
of the surface topography h(x). The gravity effect of the root 
topography is 

G2(k) = - 2 ,r'yAp2e -•d + OR(k) (3) 

where Ap2 is the density contrast across the root topography, 
t is the distance between the mean surface and root topogra- 
phy, and R(k) the Fourier transform of the root topography 
r(x). The general equation for the gravity effect of a two- 
layer isostatic model is therefore 

[ Ap2R(k) -t,t] Gz(k) = 2,r'yAp•H(k)e -t•d 1 Ap• H(k) e (4) 
The rheology of the lithosphere determines the process by 

which compensation is achieved, which, with the density 
contrasts across the interfaces involved in the compensa- 

tion, determines the relation between r(x) and h(x). If we 
assume an elastic rheology for the lithosphere, then the 
relation between R(k) and H(k) can be expressed as [Banks 
et al., 1977] 

H(k) (5) R(k)= • 1 + Ap3g 
where D is the effective flexural rigidity and Ap3 is the 
density contrast between the material underlying the plate 
and the material infilling the flexural basin. As D --> O, R(k) 
--> (Ap•/Ap3) H(k), which corresponds to sediment loading on 
a very weak plate and is termed 'Airy loading.' However, as 
the density of the material infilling the basin approaches the 
crustal density, R(k) --> (Ap•/Ap2) H(k), which is the familiar 
Airy model. The flexure model therefore lends itself as a 
first-order mechanical model for the study of isostasy. In 
particular, uncompensated, regional, and Airy isostatic 
schemes may be represented by the flexural response of the 
lithosphere for rigidities which range from high to low 
values. 

The theoretical admittance Z(k) can be determined for 
both the Airy and flexure models of isostasy by substituting 
various forms of (5) into (4). For example, as D --> 0 and Ap3 
--> Ap2, (4) becomes 

GA(k) = 2,r'yAp•H(k)e-t'd[1 - e -k'] (6) 

and normalizing by the transform of the surface topography 
H(k) gives the Airy admittance, 

ZA(k) = 2•r•/Ap•e-ka[1 - e -kt] (7) 

Similarly, the flexure admittance is obtained by substituting 
(5) into (4) and normalizing by H(k) so that 

Zt,(k) = 2,r'rApie -i'd 1 - Ap2 1 + • e -t't (8) 
Ap3 Ap3g 

Figure 5 shows computed free air gravity anomaly profiles 
for the Airy and flexure models of isostasy at a continental 
margin. The upper model represents the case of a sediment- 
stamed margin while the middle and lower models represent 
the loading of the margin by sediments. The middle model is 
for D = 0 and the lower model is for D = 9 x 1028 dyn-cm (Te 
= 10 km). The calculated profiles are based on the Fourier 
method (solid lines) and the line-integral method (dots) [e.g., 
Talwani, 1973]. The methods are in general agreement for 
the upper model. The main differences occur over the 
inflection points in the topography and are caused by errors 
introduced by using the approximation in (1). The methods 
are not in as good agreement, however, for the middle and 
lower models because these models include density differ- 
ences within the crust; in particular, the existence of a hinge 
zone. These density differences are not related to the topog- 
raphy and therefore cannot be predicted using the Fourier 
method. The largest differences in the computed gravity 
anomalies occur at the hinge zone and decrease with increas- 
ing flexural rigidity. Figure 5 shows that the energy in the 
computed gravity anomaly is divided between the hinge zone 
and the shelf edge and the amplitude and wavelength of the 
gravity anomaly is controlled by the sediment distribution 
and the rigidity of the plate. 

The main result from Figure 5 is that the Fourier method 
successfully predicts the free air gravity anomaly over a 
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Fig. 5. Theoretical loading of a passive margin, initially in Airy 
compensation, by a sediment wedge. Each model compares the 
gravity effect calculated by the line integral method (dotted line) and 
the Fourier method (solid line). 'Airy loading' results when sedi- 
ments load a margin which has an effective elastic thickness of zero, 
whereas 'Airy' essentially refers to the crustal structure of a 
sediment starved margin (T' refers to the apparent crustal thickness, 
for which the expression is given in Figure 6a). 'Flexural loading' 
results when sediments load a margin with an effective elastic 
thickness greater than zero; in this case, Te = 10 km. The gravity 
effect calculated using the Fourier method is in good agreement with 
the line-integral technique for the Airy (classical) and Loading 
(flexure) models. The Fourier method cannot, however, predict the 
double-peaked anomaly of the loading (Airy) model because the 
hinge zone has no topographic expression. Note the progressive 
shift in the free air gravity 'edge effect' anomaly as mass is 
transferred across the margin. Initially, the energy in the gravity 
anomaly is shared between the hinge zone and the shelf break. As 
the ridigity increases, the energy is transferred from the hinge zone 
to the shelf break anomaly. 

continental margin. In particular the large differences in 
water depths along the profile, the position of the ocean- 
continent boundary, the changes in crustal thickness, and 
the hinge zone have a small overall effect on the calculated 
gravity anomaly. 

We have used in Figure 5 a 'classical' Airy model in which 
the crustal density is constant (p = 2.8 gm/cm3). The 

isostatic model introduced by Talwani and Eldholm [1972], 
though having the fundamental form of an Airy-type model, 
was based on varying crustal density contrasts of- 1.57 gin/ 
cm 3 and 0.47 gm/cm 3 at the water-crust and crust-mantle 
interfaces, respectively. A water density of 1.03 gm/cm 3, 
however, implies an unreasonable mantle density of 3.07 gm/ 
cm 3. The classical Airy model of Figure 5 therefore differs 
from the model used by Talwani and Eldholm [1972], Rabin- 
owitz [1974], and K6nig and Talwani [1977] in that a horizon- 
tal layer of zero-density contrast separates the surface 
topography from the root topography and is appropriately 
termed the 'hidden layer' Airy model. However, since the 
gravity effects of the classical Airy model for p = 2.5 gm/cm 3 
and 2.8 gm/cm 3 and the hidden layer Airy model with the 
above density contrasts differ by less than 5 mgals, these 
models can be used interchangeably. 

Theory 

We presented in the previous section the formulation of 
theoretical admittance functions for the Airy and flexure 
models. In this section the theory for the determination of an 
admittance function from observed free air gravity and 
topography data at a continental margin is presented. The 
observed admittance functions can then be used to infer the 
state of isostasy at a margin by comparison with theoretical 
functions. 

The admittance function contains information about the 
in-phase components of both gravity and topography. The 
gravity anomaly Ag(x), associated with a two-dimensional 
topographic feature, can be written in the form 

Ag(x) = f__+: H(,q)K(p, d, x - ,q) d,q (9) 
where K(x, p, d) is a kernel dependent on the surface or 
topographic density p, the mean topographic height d, and 
the distance from the topographic feature, x [Bott, 1973]. 
Equivalently, this can be written 

Ag(x) = h(x) ß K(x, p, d) (10) 

where ß represents the convolution of h(x) with the kernel 
K(x, p, d). In the frequency domain, convolution becomes a 
simple product. Rewriting the above equation in the frequen- 
cy domain, 

FlAg(x)] = F[h(x)]F[K(x, p, d)] (11) 

therefore 

K(x, p, d) = F-•[F[Ag(x)]/F[h(x)]] (12) 

where F[ ] represents the Fourier transform of the spatial 
data series h(x) and g(x) and F-l[ ] represents the inverse 
transform. In particular, F[K(x, p, d)] is the admittance 
function and K(x, p, d) is the equivalent spatial transfer filter. 
A full description of this technique has been given by Lewis 
and Domtan [1970], McKenzie and Bowin [1976], and Watts 
[1978]. 

The topography of a continental margin can be represent- 
ed as a signum function convolved with a narrow rectangular 
gate (see the appendix). By reflecting h(x) and g(x), the 
transforms become real and stable while the admittance 
remains invariant to this reflection. Geologically, the reflect- 
ed h(x) would be interpreted as a wide plateau. 

The gravity and topography data have been prepared in 
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this study by linearly interpolating, reflecting, and then 
sampling using a rectangular window. All data has been 
projected normal to the local trend of the margin, the shelf 
break being approximately in the center of each profile 
where possible. To obtain stable spectral estimates of a 
single geological feature, in this case the margin, spectral 
smoothing is accomplished by using a number of profiles of 
400-km length, each of which statistically represents an 
independent estimate of the admittance. 

The result of this analysis is an observed admittance 
function which reproduces the gravity over a margin from 
the topography and is not tied to a particular isostatic model. 
The admittance function reliably represents the margin stud- 
ied if the ratio of the observed to predicted energy of the 
gravity anomalies is high. 

Results 

By applying the admittance function approach to the 
analysis of free air gravity anomaly and topography profiles 
(appendix), it is possible to investigate the isostatic mecha- 
nism operative at Atlantic-type continental margins. The 
interpretation of the observed admittance function in terms 
of an isostatic model involves assumptions concerning the 
rheology and density structure of the margin. 

Figure 6 shows the observed admittance function deter- 
mined from 24 free air gravity anomaly and topography 
profiles of the eastern North American margin (Figure 1). 
For wavenumber k = 0.040-0.180 (h = 157-35 km) the 
admittance gently decreases and is controlled mainly by the 
mean water depth along the margin. For k = 0.015-0.040 
(419-157 km), however, the admittance rapidly increases 
due to the effects of isostasy. From (2) we have 

In [Z(k)] = -kd + In [2•r•(p2 - po,)] (13) 

Estimates of p2 and d can be determined from the slope and 
intercept of the observed admittance function (note that p2 is 
the density which would be required for the Bouguer reduc- 
tion) for k > 0.04 km -• (157 km). For the eastern North 
American margin, estimates of p2, the average density of 
topography, and d, the mean water depth, are 2.45 gm/cm 3 
and 3.0 km, respectively. The estimate of p2 is in good 
agreement with well log data along the eastern North Ameri- 
can margin. 

In order to determine the isostatic parameters of the 
eastern North American margin, the calculated admittance 
function has been compared with theoretical Airy and flex- 
ure admittance functions (Figure 6). Theoretical admittance 
functions for the Airy model fit the observations for k = 
0.015-0.050 (419-126 km). The best fit, in a least square 
sense, to the theoretical admittance is for Tc = 40-110 km 
and Te = 10-20 km. 

Figure 7 shows the observed admittance function deter- 
mined from 21 free air gravity anomaly and topography 
profiles of the South African margin (Figure 2). Estimates of 
p2 and d of 2.4 gm/cm 3 and 3.25 km were obtained, respec- 
tively. Theoretical admittance functions for the Airy and 
flexure models for k = 0.015-0.060 (419-105 km) give 
estimates for this margin of Tc = 28 to 108 km and Te = 5-10 
km, respectively. 

Figure 8 shows the observed admittance function deter- 
mined from 29 free air gravity and topography profiles: 14 
from the Coral Sea and 15 from the Lord Howe rise. 

Estimates of p2 and d of 2.40 gm/cm 3 and 3.0 km were 
obtained, respectively. Theoretical admittance functions for 
the Airy model for k = 0.015-0.180 (419-35 km) give 
estimates for this margin of Tc = 18-28 km and Te < 5 km. 

By convolving the observed admittance functions with 
topography, an estimate of the free air gravity anomaly can 
be obtained for each margin profile. The close similarity 
between observed and predicted gravity anomalies (Figures 
9, lb, 2b, 3b) indicates the observed admittance functions in 
Figures 6-8 adequately represent the relationship between 
gravity and topography for the eastern North American, 
southwest African, and Coral Sea/Lord Howe rise margins, 
respectively. The differences between observed and predict- 
ed gravity anomalies are caused by density differences 
within the crust that are not common between profiles over 
the length of the margin. Since these differences are small, 
the observed admittance functions can be interpreted with 
some confidence in terms of different isostatic models. 

We have interpreted the admittance functions for each 
margin in terms of the Airy and flexure models of isostasy. 
The Airy model can be considered as a special case of the 
plate model ((6), D --) 0, Ap3 --) Ap2). Thus by varying D in 
the flexure model we are considering the general scheme of 
isostasy rather than a specific end member. Furthermore, 
the flexure model has been successfully applied to a number 
of other oceanic geological features [Watts et al., 1980]. The 
results in Figure 6-8 therefore indicate that the effective 
elastic thickness Te of the lithosphere increases with age of 
the margin. The relatively old eastern North American 
margin is associated with the highest values of T• while the 
relatively young Coral Sea/Lord Howe rise margin is associ- 
ated with the lowest values. The values obtained for the 

margins (T• < 20 km) are significantly smaller than values 
obtained from seamount and oceanic island loads in the plate 
interiors (20 < T• <- 40 km, Watts et al [1980]) but are similar 
to values at or near midocean ridge crests (1 < T• < 10 km, 
Cochran [1979] and McNutt [1979]). These results (Figures 
6-8) from spectral analysis are therefore consistent with the 
earlier observation (Figure 4) that the free air gravity edge 
effect anomaly at a margin is predominately controlled by 
flexure of the lithosphere. 

THERMAL ISOSTASY 

So far we have assumed that the observed free air gravity 
anomaly is related only to the crustal structure of the 
continental margin. However, associated with the processes 
of rifting, the lithosphere is either heated or replaced by 
hotter, asthenospheric material. The changes in temperature 
produce a corresponding change in density determined by 
the coefficient of thermal expansion, a. As the temperature 
anomalies associated with rifting dissipate by vertical and 
horizontal conductive heat transfer, therefore, the gravity 
anomaly will change during the evolution of the margin. 
Since mass is conserved during the rifting process and 
subsequent margin development, the gravity anomaly at any 
one time will integrate to zero. We refer to this redistribution 
of mass during margin development as thermal isostasy. 

The total gravity effect at an Atlantic-type continental 
margin will therefore be a result of superposing the gravity 
effects of crustal and thermal isostasy. In order to determine 
the thermal gravity effect, it is necessary to model the 
temperature variations at a margin caused by the initial 
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Fig. 6. (a) Observed admittance values (solid circles) estimated from free air gravity anomaly and topography 
profiles for the eastern North America margin. The standard deviation of each estimate is computed assuming a normal 
probability distribution for the ratio of true-sample admittance: cr = [(7-2-1)/2p] ]a, where p is the number of 
independent estimates of the admittance and • is the coherence or correlation coefficient between true and sample 
admittance. The solid curves indicate the theoretical admittance for the Airy model of isostasy for varing Tc', the 
apparent crustal thickness. The theoretical models are constructed using the estimated parameters p: and d from the y 
intercept and slope of the observed admittance curve (Figure A3). (b) Observed admittance values (solid circles) for 
eastern North America, compared with theoretical admittance models based on the flexure model of isostasy for 
varying Te, the effective elastic thickness. The estimated parameters used are the same as those in Figure 6a. 
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Fig. 7. Observed admittance values (solid circles) for southwest Africa compared with theoretical admittance based 
on the Airy and flexure models of isostasy. 

rifting event and the subsequent cooling of the lithosphere 
with time. 

A useful parameter which characterizes the form of lithos- 
pheric heating during rifting as well as the crustal structure 
of the margin is /3, the 'lithospheric stretching' factor of 
McKenzie [ 1978]. Following Karner and Haxby [1982], if we 

assume that the lithospheric dissipation of heat can be 
approximated by an error function, the density anomaly 
caused by a general beta distribution/3(x) is, 

Ap(x, z, t) = apmrmX(x, t), erfc 2[t½(t + rs)] m (14) 
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Fig. 8. Observed admittance values (solid circles) for the Coral Sea/Lord Howe rise compared with theoretical 

admittance models based on the Airy and flexure models of isostasy. 

where Pm is the lithospheric density at temperature Tm, K is 
the thermal diffusivity, t is the time since rifting, X(x, t) is the 
Green's function for a unit instantaneous plane source and 
represents the horizontal temperature distribution [Carslaw 
and Jaeger, 1959], and ß is the convolution operation. The 

beta distribution is characterized by rs, where 

r• = rdt•(x) 2 (•5) 

ro is a calibration constant which defines the transition to 
nonlinear behavior in the elevation versus (age) m curve for 
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Fig. 9. Observed topography, observed free air gravity anomaly 
(dashed line) and predicted gravity (solid line) for three selected 
profiles from each of the margins studied. The predicted gravity 
anomaly is calculated by filtering the observed topography using the 
respective observed admittance function for that margin. The simi- 
larity between the observed and predicted gravity is indicative of the 
admittance function's ability to characterize the margin it was 
constructed from. Cruise identification, mean topographic level, and 
RMS value indicating the quality of the filtering are given on the left 
or fight of each profile, respectively. 

oceanic lithosphere (the C2 factor of Parsons and Sclater 
[1977]). The various model parameters used in this study are 
defined in Table 1. 

For computational simplicity we first calculate the geoid 
effect in the frequency domain, and then, by using the 
inverse Fourier transform, we determine the gravity effect of 
the anomalous density distribution. By assuming a local 

TABLE 1. Model Parameters 

Parameter Value 

Water density 
Sediment density 
Crustal density 
Mantle density 
Young's modulus 
Poisson's ratio 

Thermal conductivity 
Thermal diffusivity 
Defining lithospheric 

isotherm 
Calibration coefficient 
Gravitational acceleration 

pw = 1.03 gm/cm 3 
Ps = 2.5 
Pc = 2.8 
Pm = 3.4 
E = 1012 dyncm -2 
•r = 0.25 
a = 3.4 x 10 -5 øC-1 
K = 8.0 X 10 -3 cm 2 S -1 

Tm-- 1333 øC 

to = 66m.y. 
g = 980cms -2 

o) i 155•80 rn.y. 

Unstretched 
Lithosphere 
/3= 1.0 I Stretched 

Lithosphere 
,8=6.24 

O0 km I•)0 
Fig. 10. Theoretical gravity effects over an evolving, sediment 

starved, Atlantic-type continental margin with time considering 
thermal isostasy. (a) The gravity effect caused by temperature 
variations within the lithosphere associated with rifting has been 
plotted at 0, 25, and 180 m.y. after rifting. The time variation of the 
gravity effect is a result of horizontal and vertical heatflow through 
the lithosphere assuming a constant thermal conductivity. The initial 
input heat distribution is defined by/•. (b) The total gravity effect 
including the crustal structure defined by/• is plotted. Airy compen- 
sation with Tc = 32 km has been assumed for crustal isostasy. By 
using a step function form for/3, the calculated gravity effect across 
the hinge zone is a maximum. 

dipole moment for the density-depth distribution, the geoid 
effect in the wave domain is given by [Haxby and Turcotte, 
1978] 

N(k) -2•r7 fo ø = z Ap(k, z, t) dz (16) 
g 

and the gravity effect is [e.g., Chapman, 1979] 

G(k) = -2•r7k z ak, z, t) dz (17) 
The maximum gravity effect due to thermal isostasy is 

given by a/3 distribution of 

fi(x) = 1 x _-< 0 (18) 
fi(x) = 6.24 x > 0 

where fi = 6.24 produces a crustal thickness similar to that of 
oceanic crust. Figure 10a shows the calculated thermal 
gravity effect associated with fi(x) and assumes a sediment- 
starved margin. This thermal gravity effect is similar in 
overall shape to the margin free air gravity crustal 'edge 
effect.' The positive gravity peak is now seaward of the 
hinge zone, however, in marked contrast to the crustal edge 
effect which has a positive peak landward of the hinge zone 
(upper model, Figure 5). The two gravity effects compete 
resulting in a maximum (---__ 300 mgal) at the time of rifting. 
With time the total gravity effect rapidly decays in amplitude 
while increasing in wavelength (Figure 10b). After --•50 m.y. 
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the thermal anomaly has been essentially reduced to a linear 
trend across the margin while the crustal effect increasingly 
dominates the gravity effect. This trend is inversely correlat- 
ed with the longest topographic wavelength representing the 
level change from continent to ocean. Therefore the thermal 
gravity effect is incoherent with all but the longest topo- 
graphic wavelength and we would not expect it to contribute 
significantly to the observed admittance functions. Howev- 
er, the thermal effect may be isolated in the isostatic gravity 
anomaly obtained by convolving theoretical crustal admit- 
tances with the margin topography. 

We conclude, therefore, that while a significant thermal 
gravity effect may be present in the gravity anomaly ob- 
served at a continental margin, the effect rapidly decays with 
time becoming essentially a linear trend across the margin. 
Thus the crustal effect dominates observed gravity anoma- 
lies at a margin so that the admittance technique outlined in 
the previous section can be used to estimate the isostatic 
parameters that control crustal structure, such as Te. 

DISCUSSION 

Studies of the response of the oceanic lithosphere to 
surface loads, such as oceanic islands and seamounts, show 
that the effective elastic thickness Te increases with the age 
of the lithosphere [for example, Watts et al., 1980]. This 
suggests that if the lithosphere at a margin has similar 
mechanical properties as oceanic lithosphere, then sedi- 
ments loading a margin soon after rifting would be asociated 
with relatively low values of Te while sediments loading an 
old margin would be associated with higher values. Seismic 
and stratigraphic studies of margins [for example, Given, 
1977] have shown that sedimentation is initially controlled 
by fault-bounded crustal blocks (syn- and prerift sediments) 
and is subsequently replaced by a flexural control (postrift 
sediments). 

Although the mechanical behavior of continental litho- 
sphere is poorly known, Te would be expected to vary across 
a margin during its evolution. For example, in the stretching 
model [McKenzie, 1978], Te would be relatively small in the 
region of stretched lithosphere (large/3) and relatively large 
in the region of unstretched continental lithosphere (small/•) 
landward of the hinge zone. Thermal and mechanical model- 
ling of margin subsidence, for which the thermal and me- 
chanical effects are coupled [Steckler, 1981; Steckler and 
Watts, 1982], suggest that the largest variation in Te occurs 
across the hinge zone. Early in margin evolution (<10-20 
m.y.), flexure competes with the effects of lateral heat 
conduction in such a way that the subsidence of the base- 
ment seaward of the hinge zone due to sediment loading is 
similar to that of a low-rigidity (Airy-type) plate. Landward 
of the hinge zone, however, the effects of lateral heat 
conduction may result in uplift. Later in margin evolution 
(>10-20 m.y.), flexure becomes increasingly important, 
causing subsidence both landward and seaward of the hinge 
zone. During the first 10-20 m.y. after rifting, therefore, the 
basement across the hinge zone is effectively decoupled such 
that its mechanical response is that of a low-rigidity plate. 
The variation in Te across the hinge zone only becomes 
important 10-20 m.y. after rifting because of coupling across 
the hinge zone. The margin, however, has significantly 
cooled by this time so that the values of Te on either side of 
the hinge zone approach each other. Thus we would expect 
that the gravity effect caused by variations in Te would be 
incoherent with respect to the topography 10-20 m.y. after 
rifting and hence not represented in the observed admittance 
functions. The high coherence between gravity and topogra- 
phy at a margin is, in fact, dominated by the shelf break. 
These considerations suggest that lateral variations in Te 
would not be significant and that the estimated Te satisfacto- 
rily represent the average response of the lithosphere to 
sediment loading in the region of the shelf break. 

We compare the results of oceanic plate flexure studies to 
the results of this study in Figure 11. The point a (Figure 11) 
indicates the value of Te which would be expected if all the 
sediments at each margin were deposited at or soon after 
rifting. Point b indicates the expected value of Te if all the 
sediments formed at the present day. Figure 11 shows that 
the results of this study (vertical bars) are intermediate in 
value between a and b; thus Te varies during the deposition 
of the sediments. The actual values of Te determined from 
this study are controlled by the average age of the sediment 
load. The values' of Te closest to a (for example, Coral Sea/ 
Lord Howe rise, southwest Africa) indicate the average age 
of sediment loading is close to the time of rifting. Values 
closer to b (for example, eastern North America) indicate an 
average age of loading later in margin evolution. With 
continuing sedimentation at margins, therefore, the ob- 
served values of Te approach point b, unless, of course, they 
are reset by postrifting thermal events. 

We point out that the values of Te obtained in this study 
only represent the average response of the margin to sedi- 
ment loads and cannot be used to directly infer information 
on the tectonic-stratigraphic evolution of margins. A useful 
approach, however, is to use the values of Te obtained from 
oceanic flexure studies, which are based on rapidly em- 
placed loads (<•1.5 m.y.) in order to investigate the develop- 
ment of a margin. Figure 12 shows two simple models in 
which discrete sediment loads are added to a margin at 30, 
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Fig. 12. The development of a sedimentary basin at a continental margin by loading sediment onto an elastic plate in 
which Te is increasing with time. For the same tectonic driving force, four loads were placed on the margin at 30, 50, 
100, and 180 m.y. after rifting using the two end member mechanisms of basin formation, 'up building,' and 'out 
building.' (5a) summarizes the theoretical load applied during the development of the margin assuming the 
sedimentation mode was by up building. (b) summarizes the theoretical load applied during the development of the 
margin assuming sedimentation was by out building. 

50, 100, and 180 m.y. after rifting. The models represent 'end 
members' of the sedimentary processes by which sediments 
are supplied to a margin. The lower model represents a 
prograding margin in which the shelf and slope is maintained 
by 'out building' whereas the upper model represents a 
margin which is maintained by 'up building'. For each model 
we assumed an exponentially decreasing tectonic subsidence 
(Figure 12) and a Te which varies during margin evolution 
according to the dashed curve of Figure 11. 

By assuming that continental margins are in isostatic 
equilibrium during their development and that the flexural 
strength of the lithosphere increases with time, we are able 
to predict features of the tectonic-stratigraphic evolution of 
the margin. Figure 13 shows that the style of basement 
flexure changes during margin evolution from one of rela- 
tively narrow, deep basins to that of broad, shallow basins. 
These changes in flexural style are associated with overstep- 
ping of older strata by younger strata. This is most clearly 
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Fig. 13. Theoretical cross sections across continental margins formed by either up building (a) or out building (b) 
sedimentary processes. The basement response and stratigraphy have been calculated through time using the flexure 
model and the loading schemes defined in Figure 12. The evolution of the free air gravity anomaly relative to each of the 
developing margins has also been shown. With time the gravity anomaly reflects the change in isostasy from an initial 
Airy scheme to increasing uncompensation (for a given pi'ofile length) due to sediment loading of a progressively more 
rigid plate. The different loading schemes predict differences in the margin stratigraphy, basement response, and 
character of the free air gravity anomaly. Because these loading schemes can be considered as end members of margin 
development, an actual continental margin may be expected to show examples of both schemes. 

seen at the edges of the basin beneath the coastal plain 
(landward) and continental margin (seaward). The coastal 
plain, in addition, is associated with uplift during initial 
loading and subsidence later in loading history. 

Figure 13 also shows that the free air gravity anomaly 
increases in amplitude and wavelength during margin evolu- 
tion. These changes in the gravity anomaly are a result of the 

•ncreasing flexural strength of the lithosphere with time. The 
gravity anomaly maximum is associated with the load that is 
added to the margin and follows the shelf edge break, rapidly 
separating itself from the gravity effect of the hinge zone. 

The largest amplitude anomalies occur at the older mar- 
gins due to continuing sedimentation on a progressively 
more rigid basement. This result is consistent with Sobczak 



KARNER AND WATTS' ON ISOSTASY AT ATLANTIC-TYPE MARGINS 2941 

a)Up building 
Age of 
Margin 

I 

• t•••---'••_ i$o 
80 

I 

b) Out building 

I 

o M9ol 

L I00 

o, 

180 

150 

130 

Landward Seaward 

8O 

Fig. 14. Isostatic gravity anomalies calculated by applying the 
'hidden layer' -Airy model to the theoretical topography and free air 
gravity anomalies of Figure 13. The Airy model assumes two 
dimensionality, density contrasts of -1.57 and 0.47 gm cm -3 at the 
water-crust and crust-mantle interfaces, respectively, and a depth of 
compensation Tc = 32 km. In the up building model (a) the shelf 
edge (arrowed) is constant, while in the outbuilding model (b) the 
shelf edge migrates seaward. In either model a steep gradient 
(dashed line) bounded by a positive anomaly evolves with the 
margin. 

[1975], who pointed out that in order to model the gravity 
anomaly off Canada, the Tertiary and Recent sediments had 
to be essentially uncompensated. 

The relative importance of flexure to the gravity anomaly 
through time can be determined by calculating an isostatic 
anomaly based on Airy isostasy. Figure 14 shows the 
isostatic gravity anomaly for each of the free air anomaly 
profiles in Figure 13. The isostatic anomalies are character- 
ized by large-amplitude (up to -+50 mgal) highs and lows 
separated by a steep gradient (up to 1 mgal/km). The largest 
amplitude anomalies occur for the older margin (180 m.y.) 
and the smallest amplitude occur for the younger margin (30 
m.y.). Similar amplitude and wavelength isostatic anomalies 
have been observed for southwest Africa, South Argentina, 
and eastern North America (Figure 15; see also Rabinowitz 
[1974], Sobczak [1975], and Rabinowitz and La Brecque 
[1979]). It is not possible to directly compare the model 
results in Figure 14 to any particular margin because its 
detailed loading history is required. However, comparison of 
Figures 14 and 15 indicate that the general character of the 
observed and model isostatic anomalies are very similar. 

The isostatic anomalies based on thermal isostasy are, 
however, in the same sense as the isostatic anomalies due to 
flexural (crustal) isostasy. Thus thermal and flexural effects, 
rather than density differences associated with basement 
highs or the position of the ocean/continent boundary, may 

be the main contributors to isostatic gravity anomalies 
observed at margins. 

Figure 16 shows that a number of the features produced by 
the simple models in Figure 13 can be distinguished at the 
relatively old eastern North America margin, in particular 
the broadening of the sediment depocentre with time, the 
onlapping of relatively young coastal plain sediments (Creta- 
ceous-Tertiary) on older sediments (Jurassic) and continen- 
tal basement, and the occurrence of both landward and 
seaward subcrops. Furthermore, although observed free air 
gravity anomalies reflect in part local density variations, 
Figure 16 shows the peak gravity anomaly is controlled by 
the shelf edge and is flanked by a long-wavelength gravity 
low seaward of the shelf edge and a short-wavelength (or 
absent) low landward of the shelf edge. 

SUMMARY AND CONCLUSIONS 

We can make the following summary and conclusinsfrom 
this study of isostasy at Atlantic-type continental margins. 

1. Cross-spectral techniques have been used to analyze 
the relationship between free air gravity and topography at 
Atlantic-type continental margins. Three margins were se- 
lected based on their age of formation and total sediment 
thickness. The resulting admittance function contains infor- 
mation common to each margin and has been interpreted in 
terms of the flexure model of isostasy. 

2. The relatively old eastern North America is associated 
with the highest value of the effective elastic thickness Te in 
the range 10-20 km, while the relatively young Coral Sea/ 
Lord Howe rise is associated with the lowest value of Te of 
less than 5 km. 

3. These estimates of Te are significantly smaller than 
those deduced from surface loads on old parts of oceanic 
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Fig. 15. Airy isostatic gravity anomalies calculated for eastern 
North America [after Rabinowitz, 1974], southwest Africa and 
Argentina [after Rabinowitz and LaBrecque, 1979] continental mar- 
gins. The position of the shelf break and the steep isostatic gravity 
gradient, interpreted by Rabinowitz and LaBrecque [1977] as re- 
presenting the position of the ocean-continent boundar-y, is shown by 
the arrow and dashed line, respectively. The model isostatic anoma- 
lies from Figure 14, for a corresponding aged margin, show a form 
similar to the observed anomalies, suggesting that flexure, rather 
than the position of the ocean/continent boundary, may be the main 
contributor to isostatic gravity anomalies at continental margins. 
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zone (bold line). The stratigraphy of the land boreholes are from Brown et al. [1972]. The stratigraphy of the wells 
offshore from Nova Scotia are from Williams [ 1975] and the COST B-2 well from Scholle [ 1977]. Stratigraphy seaward 
of the COST B-2 well is from Watts and Steckler [1979] and G. Mountain (personal communication, 1980). The solid 
lines in the four sections indicate prominent seismic reflectors identified on nearby multichannel seismic profiles 
[Given, 1977; Grow et al., 1979; Bufflet et al., 1979; Dillon et al., 1979]. The arrow labelled ECM refers to the position of 
the East Coast Magnetic Anomaly. Available refraction seismic velocities [Keen and Loncarevic, 1966; Sheridan et al., 
1979] and free air gravity anomalies have also been plotted. 
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lithosphere (>80 m.y.) but are similar to estimates obtained 
from admittance studies of the midoceanic ridge crests. This 
similarity can be explained, since the lithosphere at Atlantic- 
type continental margins is extensively heated at the time of 
rifting. 

4. The differences in estimates of Te between margins 
can be explained by a simple model in which the flexural 
strength of the basement increases with age. This result is in 
agreement with studies of isostasy in the world's ocean 
basins, in which Te increases with age of the plate at the time 
of loading. 

5. This model explains features of the tectonic-strati- 
graphic evolution of margins. These include the change in 
style of basement flexure from narrow to broad basins, the 
presence of subcrops in which younger sediments overstep 
older sediments, and the occurrence of an uplifted region in 
the continental interior which migrates landward with time. 

6. Model studies in which different sediment loads are 

considered suggest that the free air gravity anomaly at a 
margin changes in both amplitude and wavelength with 
geological time. The gravity anomaly is determined by the 
amount and age of the sediments that are supplied and the 
thermal and mechanical evolution of the margin. 

APPENDIX: SPECTRAL ESTIMATES AT 

ATLANTIC-TYPE CONTINENTAL 

MARGINS 

Analytic Margin Function Spectrum 

The use of a limited data window when Fourier transform- 

ing a data series precludes a 'true' estimation of the frequen- 
cy spectrum. The calculated spectrum represents a 
smoothed, weighted average of the true spectrum. The 
degree of smoothing depends on the data sample length and 
the window type used to 'prepare' the signal for transform- 
ing. Windows tend to produce side lobe contamination or 
spectral leakage, and this effect cannot be eliminated. To 
estimate the degree of contamination in obtaining a spectrum 
using the discrete, fast Fourier transform, it is necessary to 
analytically define the topographic and gravimetric trans- 
forms of an idealized continental margin. 

The topographic spectrum can be theoretically derived by 
considering a margin as a signurn function convolved with a 
narrow, rectangular gate. The width of the gate determines 
the continental shelf slope of the margin. It can be shown 
that the Fourier transform of this function is 

2i sin (kT) 
H(k) = (A1) 

where 2T represents the gate width and k is the wavenumber 
(k = 2•r/X, where X is the topographic wavelength). It should 
be noted that the topographic transform is imaginary. The 
power spectrum of this same topographic waveform is 

4 sin 2 (kT) 
IH(k)l = k4T2 (A2) 

The general character of the topographic spectra will be 
controlled by a k -4 term with superimposed nodes at values 
of k = (2n•r/T), n being an integer. This implies that there are 
certain frequencies or 'holes' for which there is no topo- 
graphic energy. As gravity can be considered as upward 
continued topography, nodes should also appear in the 
gravity spectrum. 
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Parker [1973] derived the frequency domain relationship 
between a topographic surface and the associated free air 
gravity effect, namely, 

oo kn_ 1 

G(k) = 27r•tA•o I e -ka • • F[hn(x)] (A3) 
n=l 

The topographic surface h(x) is the vertical departure of an 
interface at any point from its mean depth d and Apl is the 
density contrast across the interface. For the assumed 
topographic waveform, it can be shown that 

2 • n• (-•)l•sin(k•;(n-•even• F[hn(x)] = • (n - 0 • [i cos (k•' (n - 0 odd 1=1 ' • 

(A4) 

Assuming that this topographic feature is compensated in an 
•-type fashion, the gravimetfic transform becomes 

( G(k) = 2yaple Finn(x)] I - 
(AS) 

where A• is the density contrast across the root topography 
interface which is at me• depth (d + t). Substituting for 
Finn(x)], 

n, -i l (n - 
= 1=1 

ß i cos (kT); (n - /) odd 1 - [•--•j e -kt (A6) 
The admittance function is defined as the ratio of the 

gravimetric and topographic transforms. Implicit in the 
definition of the theoretical linear admittance function (a 
smoothly varying function) is the existance of 'antinodes' in 
the gravimetric transform to cancel the topographic nodes. 
By (A6) the nodes of G(k) rapidly become out of phase with 
H(k). Necessarily, therefore, the ratio of the gravimetric and 
topographic transforms will be spiky. The equivalent linear 
and hence real admittance function of the above topography 
is simply [McKenzie and Bowin, 1976] 

Z•k) = 2•r•/Aple -i•d [1 - e -nt] (A7) 

Figure A1 compares and contrasts the linear admittance 
function (A7) with the real part of the complex admittance 
function calculated from H(k) and G(k) for the first four 
terms in (A6). Since H(k) is imaginary, the real part of the 
complex admittance is obtained by the division of the 
imaginary parts of G(k) and H(k), respectively. Densities and 
water depths for the eastern North American margin were 
used to construct the curves, and 2T, the average width of 
the continental shelf slope, was set to 100 km. From the 
comparison of Figure A1 with Figure 6 it would appear that 
the major spikes in the observed admittance are related to 
higher order effects of the observed gravity. Being spikes 
(like transients), they have little energy and so the linear 
admittance, which satisfactorily explains a large percentage 
of the observed energy (e.g., Figure 9), can accurately 
predict the spatial gravity. When interpreting the observed 
admittance relative to a linear admittance model (for exam- 
ple, Figures 6, 7, and 8), these spikes should be ignored. The 
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Fig. At. Theoretical, nonlinear Airy admittance function calcu- 
lated using (At) and (A6) with n = 4. Values for d, t, and Ap• were 
taken from the eastern North American admittance results. By 
comparison with the observed admittance function from Figure 6, its 
spiky nature appears to be related to the nonlinear gravity contribu- 
tion to the admittance. 

spacing of the low-wavenumber spikes can be used to 
estimate the average width of the shelf slope for the margin 
studied. Referring to Figure 6 for the eastern North Ameri- 
can margin, the spike spacing predicts an average shelf slope 
width of---74 km. 

If the spectra and hence the admittances are averaged for a 
number of profiles across a margin with varying continental 
slope (and hence T), the resultant should tend to the linear 
admittance function. Comparison of the observed with the 
linear admittance is therefore justifiable. 

Systematic Error Analysis 

Intrinsic noise is always produced when the Fourier 
transform is numerically evaluated. The source of this noise 
is a complicated interaction between various errors associat- 
ed with windowing, interpolation, and discrete sample 
lengths. A simple way to investigate this intrinsic noise is to 
calculate the various spectral estimates for perfect gravity 
and topography data. To achieve this, free air gravity was 
numerically calculated over a simple margin shape using the 
line-integral technique of Talwani [1973] and with a known 
isostatic model. 

For this perfect data, the power, coherence, and admit- 
tance functions were estimated. As with actual data, this 
perfect information was linearly interpolated, reflected, and 
sampled with a rectangular window before transforming. 

The complex admittance is obtained by normalizing the 
gravity transform by the topographic transform. To stabilize 
the transforms and hence the admittance, it is necessary to 
perform some type of spectral smoothing. For this study, 
independent estimates of the topography/gravity relationship 
were ensembled averaged in the frequency domain to en- 
hance the signal to noise ratio [Parker, 1974]. 

The gravity and topographic spectra were estimated by 
using the Fast Fourier Transform (FFT) [Cooley and Tukey, 
1965]. Comparison of spectra estimates using both the FFT 
and the maximum entropy method [Burg, 1968] gave essen- 
tially the same averaged spectra verifying the applicability of 
the FFT. The complex admittance was estimated from the 
ensembled averaged topographic and gravimetric spectra 
such that 

1 Y.,[G(k)/-•(k)] 
Z(k) = -- (A8) 

N •[H(k)/•(k)] 

where 

G(k) = Gt(k) * Wt(k) H(k) = Ht(k) * Wt(k) 

Gt(k) and Ht(k) are the theoretical Fourier transforms of the 
gravity and topography, respectively, and will always be 
distorted by the effects of the sampling window, W(k). G(k) 
and H(k), ther.efore, are the discrete FFT of gravity and 
topography, respectively,/•(k) represents the complex con- 
jugate of H(k), ß represents the convolution operation, and N 
is the number of independent estimates of the admittance, 
here the number of profiles. Note that the convoluted effects 
of the window cannot be isolated from the admittance 
estimates. 

Coherence is a measure of that portion of the free air 
gravity anomaly directly related to the topography and is 
analogous to the correlation coefficient of regression analy- 
sis. Low coherence for low wavenumbers suggests that 
some isostatic scheme is operative though the decay rate is 
controlled by the type of compensation; for example, region- 
al isostasy should have a slower decay rate than local 
compensation. However, the transform of the reflected data 
is necessarily real, and hence the coherence will remain at 
unity until imaginary components are produced as the signal 
to noise ratio decreases. The slope of the ensembled average 
coherence is therefore an estimate of the severity of the 
intrinsic noise. 

Figure A2 summarizes the spectral estimates obtained 
when topographic profiles with progressively increasing 
continental slope and associated free air anomaly (assuming 
Airy isostasy) were analyzed by the cross-spectral tech- 
nique. The left column displays the spectral estimates for 
one profile, while the right column displays the spectral 
estimates for 10 ensembled averaged profiles. 

The main conclusion from this figure is that ensemble 
averaging is a viable technique for stabilizing the power 
spectra and admittance. Interpretation of the averaged ad- 
mittance suggested an Airy model with depth of compensa- 
tion Tc = 30 km, and surface density 2.7 gm cm -3, which is 
in total agreement with the parameters used to calculate the 
free air anomaly. However, the predicted average water 
depth of 1.5 km was underestimated compared to the actual 
2.5 km. The dashed lines bounding the admittance represent 
slopes of 1.04 and 2.02 km. The main purpose for calculating 
p2 and d is to calibrate the observed and theoretical admit- 
tances so that a comparison can be made. 

Predictions from the first section of this appendix appear 
to be validated; in particular, topographic spectral nodes and 
a very unstable, spiky, admittance function. The high- 
frequency signal which has been modulated by the type of 
functions discussed above represents the intrinsic noise 
introduced by this technique. 

Observed Spectral Parameters 

Figure A3 summarizes the spectral estimates obtained in 
this study of isostasy of the eastern North America, south- 
west Africa, and the Coral Sea/Lord Howe rise margins. All 
topographic and gravimetric data from these margins were 
prepared for transforming by linearly interpolating the data 
to regular spacings, reflecting, removal of the mean from 
each profile, and finally, truncating the profile to a constant 
length using a rectangular window. 

The resultant ensembled averaged spectra were used to 
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Fig. A2. Spectral estimate for perfect topography and gravity data. The free air gravity profiles were obtained by 
using an Airy-type compensation scheme. The single-model results refer to the spectral parameters obtained for only 
one profile, while the multiple models refer to the spectral parameters obtained for an ensembled average of profiles in 
which the continental margin slope was varied. Interpretation of the multiple model admittance function returned the 
input isostatic scheme, verifying the applicability of the cross-spectral technique. 
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estimate an admittance function for each of the margins. A 
least squares linear fit to the data for k > 0.04 is shown 
superimposed on each admittance functon and was used to 
estimate p2 and d for each margin. 
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