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Geological and geophysical data of the Amazon

Continental Margin and its adjacent areas (within the

geographic coordinates 4°S-8°N and 41°E-53°W) were processed

to allow the integrated study of structures and isostatic

behavior of the lithosphere beneath the distinct

physiographic provinces in the region. These data have been

used to produce maps of depth to regional basement,

bathymetry, and free-air, Bouguer, and isostatic residual

gravity anomalies.

The isostatic parameters were determined by least

squares fitting of the admittance estimates to the model

which considers the lithosphere to be a thin elastic plate

floating on a relatively fluid mantle. The reliability of

the admittance estimates were investigated, under different

methods for treating the edge of gravity and bathymetry

arrays, using synthetic data which include realistic

continental margin structure. Detrending of the data

followed by mirror imaging of the space domain arrays

proved to be the best approach.
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Using chronostratigraphy data and the cooling plate

model of oceanic lithosphere, I corrected the loading

history for the elastic thicknesse estimates (Te) obtained

in the Amazon Continental Margin. Thus, the isostatic

behavior of the studied margin throughout its evolution was

predicted. This is summarized in the approximate equation

Te2.O5t"2 where t is a time after margin formation. At

present t=llO My and Te22 km. Therefore, the approximate

isotherm of 3QQC probably controlled the boundary

elastic/fluid mantle beneath the region. These predicted

Tes almost certainly are underestimated because of the

important role of subsurface loads in the areas of Para and

Ceara Rise.

Using a linear/non-linear hybrid scheme of inversion,

I developed two-dimensional linear and non-linear programs

for inverting gravity data. Two transects across the

margin (Amapa shelf-Amazon Cone and Para shelf-Ceara Rise)

were modelled. Highligths in the models are: the average

density of the sediments seaward of the shelf-break

decreases from 2.45 g/cm3 to -2.0 g/cm3 and increases with

depth from -2.0 g/cm3 to 2.69 g/cm3 beneath the continental

slope; an average density contrast of 0.45 g/cm3 occurs

across the Moho discontinuity; the stretched crust beneath

the Amazon Cone is approximately twice longer than the

stretched crust beneath the Para area.
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Isostatic Evolution and Crustal Structures of
the Amazon Continental Margin Determined by
Admittance Analyses and Inversion of Gravity

Data

1 INTRODUCTION

1.1 METHODS FOR DETERMINING THE STRENGTH OF THE

LITHOSPHERE
McKenzie [1967] has shown evidences that both gravity

anomalies and seafloor heat flow are related to the

strength and thermal properties of the crust and uppermost

mantle. Long-wavelength harmonics of the gravity field

determined from the motion of satellites which are

largely unaffected by density contrast in the lithosphere,

must be maintained by processes in the mantle. Any

detailed discussion of regional scale gravity observations

requires some mechanical and thermal model for the crust

and upper mantle at temperatures lower than about 700 C.

The mechanical behavior of high melting-point minerals,

such as olivine, is principally elastic until the yield

stress is reached, where upon the mineral fails by brittle

fracture. At higher temperatures various diffusion-

controlled processes permit minerals to creep at all

stresses and long-wavelength anomalies would dissipate

over time. Therefore any stress deep within the mantle

must be maintained by some dynamic process. These remarks

suggest that the outer 50-100 km of the earth must behave

as a rigid layer and that the places where this is not

true will be marked by shallow earthquakes. This model has

been used during the last century to explain isostatically

compensated mountain ranges.

Dorman arid Lewis [1970] developed a method for

computing the isostatic response function, the response of
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the earths gravity field to a point load, directly from

observational data, eliminating the need for assuming a

compensation mechanism. If the earth behaves linearly in

its response to crustal loading by the topography, the

response of the earths gravity field to this loading can

be represented as the two-dimensional convolution of the

topography with the earth's isostatic response function.

The mathematical treatment is the same whether the

topography is considered to be either the cause or the

result of contrasts in density at depth. If a model of

compensation is assumed, the isostatic response function

can be inverted to find the changes in density with depth

that result in the uplift of the topography. The isostatic

anomaly, if appropriate corrections are made, will be the

vertical gravity field due to deviations from radial

symmetry in density deep within the earth.

In the past simple models of isostatic

compensation mechanisms were proposed. In the Airy Model,

the mechanism creates equal density "roots" beneath

mountains. The Vening Meinesz model is a spatially

smoothed version of the Airy model. The Pratt isostatic

model postulates changes in the average density of the

lithosphere beneath elevated areas. Heiskanen and Vening

Meinesz [1958] reviewed these and other less widely used

systems.

Walcott [1972] calculated the gravity anomalies,

flexural stresses, and vertical displacements expected to

occur at a continental margin due to loading by large

accumulations of sediments. Walcott's theoretical

treatment, despite its simplicity, brings insights to the

cause of observed gravity anomalies and gives useful

estimates for the vertical displacements and the variation

in flexural stresses that may arise due to the load.

Several workers [e.g., Walcott, 1970; McKenzie,

1967] have shown the appropriateness of a model which
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considers the lithosphere to be a thin elastic sheet

overlying a fluid substratum. Determination of the

flexural rigidity of the lithosphere from field

observations can be achieved by measuring the wavelength

and amplitude of bending in the vicinity of supracrustal

loads. Dorman and Lewis [1970) applied an approach

developed from communication theory which has been further

elaborated by McNutt [1979, 1983, 1984] . The response of

the lithosphere to topographic loads is considered to be

that of a linear filter where the vertical gravity field

is the response to the topographic load and its root of

compensation. The experimental determination of the filter

response is usually performed in the frequency domain by

computing the spectral ratio between gravity and

topography. The filter response obtained by this approach

does not depend on any a priori assumption on the

mechanisms of compensation. To find an isostatic model

which fits the observed transfer function is, therefore,

the challenging aspect of the filter analysis. Various

analytical models based on a variety of assumptions in

regard to the structure and rheology of the lithosphere

have been proposed. For instance, a thick plate model is

considered to be appropriate when the flexural wavelength

and the thickness of the plate are of the same order or

higher. McKenzie and Bowin [1976] considered a two-

dimensional, thick and incompressible plate model to

obtain the theoretical admittance function of the Atlantic

Ocean lithosphere. Comer [1983] later obtained analytical

expressions for a similar model by considering an

elastically-compressible plate, neglecting body forces in

the solid.

The elastic thicknesses of the lithosphere (or

their equivalent flexural rigidities) as obtained from

either direct observations of the amplitude and wavelength

of the flexure or from the relationship between gravity



and topography are usually smaller than the thicknesses

as determined seismically or thermally. An explanation for

this has been presented by Walcott [197011 who analyzed the

results of several workers. The slightly different

methods applied by those authors were selected based on

observations of the wavelength and amplitude of bending in

the vicinity of supracrustal loads. Walcott summarized

their results for flexural rigidities and reinterpreted

them as being apparent flexural rigidities. The reason

for the distinction arises from observations of the

decrease in flexural rigidity with time of loading.

Therefore, a time-dependent relaxation effect is observed

in contradiction to the simple model of an elastic plate

overlying a weak fluid. To accommodate the relaxation

phenomenon, the elastic lithosphere is replaced by a

viscoelastic lithosphere, or Maxwell body, with a viscous

parameter defining long-term deformation and an elastic

parameter defining short-term deformation. Walcott

concluded that for short-term loads (l0 l0 years) the

flexural rigidity of the continental lithosphere is almost

two orders of magnitude larger than for long-term loads,

indicating nonelastic behavior of the lithosphere with a

viscous (about 1023 N.sec.m as well as an elastic

response to stress. The minimum thickness of the

continental lithosphere was inferred to be about 110 km

and that of the oceanic lithosphere about 75 km. The

possibility of local compensation of individual prisms

could not be supported by Walcotts investigation.

In what follows I will refer to the model of a thin

elastic plate as being a lithosphere whose thickness is

small compared with the wavelength of the deformation.

McKenzie and Bowin [1976] presented a two-dimensional

treatment of the thick plate problem, and pointed out the

errors introduced by the thin plate assumption. Banks et

alL. [1977] presented the solution of the differential
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equation for the equilibrium of the deformed plate and

argued that innacuracies in the data at short wavelengths

are the limiting factor in the isostatic response problem,

rather than errors arising from the thin plate

approximation. By inverting the isostatic response data

for the continental United States, computed by Lewis and

Dorman [19701, they obtained isostatic density models

under assumptions of both local and regional compensation.

By establishing bounds on the vertical density

distribution, constrained by seismic observations, they

obtained values of the flexural rigidity corresponding to

plate thicknesses (Te) in the range of 5-10 km. Banks and

co-workers explained these relatively low rigidities by

involving laterally consistent vertical variations in the

rheology of the crust and mantle, favoring an elastic

layer up to 10 km thick having finite creep strength.

Watts and Bodine [1980] used the response of the

Pacific plate to oceanic island and seamount loads to

estimate the distribution of ridge crest and off-ridge

volcanism since the Jurassic. Their results, as shown in

Fig.l, suggest that an oceanic island or seamount formed

on young sea floor would be associated with a relatively

small Te, while an oceanic island or seamount formed on

old sea floor would be associated with a relatively large

Te. Thus, the determination of Te at oceanic sites, loaded

by seamounts or oceanic islands, can reveal the origin and

age of these features, i.e., whether they formed on a

ridge crest or in an off-ridge environment. Examples of

the use of gravity and bathymetry data to determine Te in

oceanic areas are found in the works by McNutt [1979]

Watts et a]. [19851, and Maia et a]. [1990]. McNutt [1979]

analyzed the second order admittances and the azimuthal

anisotropy of the linear response at the Juan de Fuca

Ridge crest. Her results, after normalization to eliminate

the differing depths to the topography, were compared to



Cochran's [1979] results for the East Pacific Rise. The

similarity in their results does not support the

hypothesis that the apparent plate thickness varies with

spreading rate, nor the hypothesis of differences in

flexural rigidity based on ridge crest length or plate

size.

Forsyth [1981] has suggested that the values for

flexural rigidity deduced from admittance studies can be

underestimated if the lithospheric plate is loaded from

within or at its base. McNutt [1983] demonstrated the

change that would be observed in the response function if

subsurface loads were to be considered. An alternative

method for determining the flexural rigidity from gravity

and topographic signals was proposed by Forsyth [1985]

Forsyth's technique consists in obtaining the flexural

rigidity by matching the experimental coherence between

gravity and topography with theoretical coherences which

can be predicted by assuming several ratios of subsurface

loading to surface loading. The coherence technique

assumes that surface loads and subsurface loads are

statistically independent. If this assumption is not

warranted the presence of subsurface loading would result,

as in the case of the admittance analyses, in

underestimation of the flexural rigidity. The coherence

technique was applied by Ebinger et al. [1989], who used

gravity and bathymetry data from the East African and Afar

Plateau regions. They observed that the estimates of Te

were well correlated with tectonic provinces, barge Te

(64-90 km) values were found for stable cratonic regions

in Africa. Intermediate values (43-50 km) for the Darfur

dome and at the wide, uplifted East African and Afar

Plateaus, and smaller estimates (21-36 km) in areas

characterized by fine scale faulting or topography.

Karner and Watts [1983] used the linear response

model to estimate To in selected mountain ranges. Their
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results provide Te estimates of 22-48 km for the Alps, 82-

131 km for the Appalachians and 82-104 km for the

Himalayas.

Relatively few works have reported on the use of the

admittance technique to investigate the flexural behavior

and evolution of the lithosphere under sediment loading at

passive continental margins. Contributions to such studies

come from Karner and Watts [1982] , who used that

methodology at Atlantic-type continental margins. They

used free-air gravity and topography of the continental

margins of eastern North America, Southwest Africa and the

Coral Sea/Lord Howe Rise in Australia. The lowest value of

flexural rigidity (Te < 5 km) was obtained for the

relatively young Coral Sea/Lord Howe Rise margin, while

the relatively old eastern North American margin presented

the highest value (10 < Te < 20 km). Thus, similar to the

behavior of the lithosphere in oceanic areas, the

effective elastic thicknesses at continental margins

appears to increase with the age of the margin (Fig.2).

The results obtained in oceanic areas are shown in

Fig.l. Karner and Watts argued that a low rigidity plate

model is most applicable for the early rifting history,

while a high rigidity plate model is more applicable later

in margin evolution. This explains a number of features of

the tectonic-stratigraphic evolution of margins, e.g., 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. I will show that more
properly, the effective elastic thickness as obtained from

relationships between gravity and topography of

continental margins must be interpreted in terms of the

age distribution of sediment supply and the thermal

structure of the continental margin during its geological

evolot ion.
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Previous work on the analyses of the admittance

function at the Equatorial Margin of Brazil was

accomplished by Mello et al. [19881, and Macario [1989].

The area covered in the study by Mello overlaps with part

of the area covered in this study (in the geographic

province of the Pará-Maranhäo basin). I will show that the

dominant wavelength of the basement deformed by sediment

loading in that area is 500-600 km. An appropriate sample

of the admittance function at those wavelengths in the

Pará-Maranhäo province requires gravity and bathymetry

data across the margin to be longer than 250 km. Moreover,

the data must cover the region seaward of the continental

slope where the basement flattens. The data available to

Mello in the Equatorial Margin of Brazil restricted his

analyses to profiles 185 to 238 km long which did not

entirely cover the length of the basement flexures. He

found elastic thicknesses of 5-10 km for the Equatorial

Margin of Brazil. These values may be underestimated due

to presence of subsurface loads.



Fig.1 Plot of elastic thickness of the oceanic

lithosphere Te against age of the lithosphere at the time

of loading [from Watts et al., 1980]. la, East Pacific Rise

crest; ib, Mid-Atlantic Ridge crest; 2, Juan de Fuca

Ridge crest; 3, Mid-Atlantic Ridge crest; 4, Deep-sea

trench outer rise systems; 4a, Nankai Trough; 4b Middle-

America Trench; 4c, Kuril Trench; 4d, Mariana Trench, 4e,

Aleutian Trench; 5, Hawaiian-Emperor seamount chain; 5a,

Emperor Seamounts north of 40° N: 5b, Hawaiian Ridge and

Emperor Seamounts south of 40° N; 6, Pacific Ocean atolls

(Cook Islands, Australs, Tuamotu Islands and Henderson);

7, Great Meteor Seamount, NE Atlantic; 8, Kuril Trench;

9, Deep sea-trench outer rise systems; 9a Aleutian Trench;

9b, Kuril Trench; 9c, Bonin Trench; 9d, Mariana Trench;

10, Hawaiian Ridge; 11, Hawaii Island. Each estimate of

Te is related to the flexural rigidity of the plate and is

based on an assumed Young's modulus of 1 x l0' dyn/cm2.

The age of the lithosphere at the time of loading was

estimated by subtracting the age of each load from the age

of the underlying sea floor. For the ridge crest estimates

and trench estimates the loading is assumed to be of the

present age (0 Myr) . For the seamount and oceanic island

estimates, the age of loading is obtained from dated

samples on the crests or flanks of these.
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Fig.2 Plots of effective elastic thicknesses of
the oceanic lithosphere against the age of their
respective margins. The solid lines are the 300° C
and 600 ° C oceanic isotherms based on a cooling
plate model. The dotted line represents the
approximate mean 450° C isotherm. The range in Te
for a given margin age is indicated by a and b. The
a represents sediment loading during the formation
of the margin, and so Te =0. The b represents
sediment loading at the margin today. Estimates of
Te at a margin will be constrained by these end
members but may plot anywhere between a and b,
depending on the loading history.
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1.2 GENERALIZED GEOLOGY OF THE AMAZON CONTINENTAL
MARGIN

The geographic area of this study is the Amazon

Continental margin which comprises a substantial portion

of the Equatorial Atlantic Margin of Brazil. It is located

approximately between longitudes 410 W and 53° W and

latitudes 40 S and 80 N. Three major structural provinces

may be distinguished: the Amazon Cone area including the

Amapá shelf; the Pará/Maranhão area including the shelf

and adjacent ocean basins; and the Ceará Rise area.
Characteristics of these provinces have been described by

Rezende and Ferradaes [1971], Asmus and Guazelli [1981],

Rodarte and Brandäo [1988] and Silva and Rodarte [1989]

Gorini [1981] , using the results of several geophysical

surveys, made an integrated study of the geological

structures present on the Equatorial Margin of Brazil

seaward of the shelf and including the bordering oceanic

basins.

The structural framework of the shelf includes three

types of features [Asmus and Guazelli, 1981] : normal

faults, hinge lines or flexures, and transverse

structures. Triassic tectonism can be inferred in the

Cassipore Graben , southwest of the Amazon Cone area,

although most of the faults continued to be active during

Albian/Aptian time, locally extending into Late

Cretaceous. The stratigraphy [Asmus and Guazelli, 1981],

may be grouped into four major units or sequences: 1) The

Sequence of the Continent, consisting of clastic rocks

deposited in a continental environment (fluvial-lacustrine

and eolian) during conditions of relative tectonic

quiescence; 2) The Sequence of the Lakes, including

dominantly sandy and shaly sediments deposited in a

deltaic-lacustrine environment marked by intense tectonic

activity; 3) The Sequence of the Gulf, composed of
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evaporitic rocks deposited in a restricted environment

with high salinity, and clastic and carbonatic sediments

deposited in a transitional environment, both under

conditions of a relative tectonic quiescence; 4) The

Sequence of the Sea, consisting of two intervals a lower

carbonific section deposited on shallow platforms, and an

upper essentially clastic section deposited in an open

marine environment during margin subsidence.

The evolution of the Amazon Continental Margin includes

four stages: pre-rift, syn-rift, proto-oceanic, and

oceanic (Fig.3) . Rifting along the E-W portion of the

Pard/Maranhão area was dominantly transcurrent, formed by

the divergence of Brazil and Africa. In the southwest part

of the Amapd Basin a change from transcurrent tectonics

to pure extensional tectonics can be inferred.

The Ceara Rise is an extensive anomalous and

topographic high of basaltic composition ilKumar and

Embley, 1977], partially buried by the sediments of the

Amazon cone. Drilling data collected by the Ocean Drilling

Project indicated an approximate basement age of 80 Ma

for the rise a period marked by plate adjustments
throughout the Atlantic [Kumar and Embley, 1977] , and the

Ceara Rise formed in an on-ridge environment. The Sierra

Leone Rise constitutes its symmetric analog on the

African plate side of the Mid-Atlantic Ridge.
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2 DATA USED IN THIS STUDY

2.1 SEISMIC AND WELL DATA

SEISMIC REFRACTION DATA. Results from two-ship

seismic refraction studies [Houtz et al., 1977] are given

in Table.l and their geographic locations are plotted on

the map of Fig.6. Profile 4 is located on the Ceara Rise.

It is an oceanic section with a 5.1 km/sec layer over a

6.8 km/sec layer extending to a depth of 8 km. This is

near the 8.5 km average depth found for profiles 8, 9, and

10, which are located in the area between the Ceara Rise

and the Pard-Maranhäo shelf. The acoustic basement on

profile 4 is represented by a 3.4 km/sec layer nearly 2 km

thick. The deeper structure of the Rise is oceanic in

character. Profile 5 and 6 are both located on the Amazon

Cone. Profile 5 shows an oceanic section composed of a 5.3

km/sec layer atop a 6.9 km/sec layer extending to a depth

of 12 km. Profile 6, approximately 170 km landward of

profile 5, does not show the 5.3 km/sec layer. It

probably is located in the transition between oceanic and

continental crust with a 6.7 km/sec layer extending to a

depth of 11 km.

SEISMIC REFLECTION DATA. The seismic reflection

sections shown in Fig.4, together with ages, P-wave

velocities, and sediment thicknesses were provided by the

Brazilian National Oil company (Petrdleo Brasileiro S.A,)

PETROBRAS [ personal communication, 1989] . Part of these

data are also available in the work by Silva and Rodarte

[1989] . The geographic locations of the reflection data

are shown on the map of Fig.6 and the approximate

coordinates of the first shot-point on the shelf, and last

shot-point on deep water are indicated on top of each

section shown in Fig.4. The sections labelled RL-AA and

RL-CC are converted from time to depth sections,
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Table 1. Refraction results, Nothern Brazil Margin.

Data are from 1-ioutz et al. [1977)

Profile Position

N°Lat W°Long

Velocity (km/a)

V2 VI V4 VS Vt V7

Layer
W h2

Thickness (km)

h3 h4 h5 hE

4 NE 4.117 43.467 (2.0) 3.4 5.1 6.8 3.1 0.7 2.3 1.9

4 SW 4.500 43.717 3.1 1.2 1.2 2.1

5 NE 4.967 46.800 (2.0) 2.6 5.3 6.9 7. 8.3 3.8 1.2 2.5 2.5 1. 2.5

5 SW 5.417 46.617 3.6 1.5 2.4 1.8 1. 1.7

6 NE 4.617 47.917 2.3 3.6 6.7 2.6 2.8 5.7

6 SW 4.067 47.400 2.6 2.9 5.4

7 1.950 44.967 (2.3) 4.9 7. 4. 3.0 2.3

8 SW 2.150 44.550 2.1 2.8 5.3 7.1 8. 4.1 1.7 1.4 2.3 4.

S NE 2.867 44.650 4.1 2.2 0.2 1.8 4.

SW 2.867 44.650 (2.3) 5.7 7.0 4.1 2.5 2.8

NE 3.333 44.733 4.1 2.8 1.8

it 2.233 42.800 (2.3) 5.4 6.7 8.3 4.3 2.4 1.7 2.2

Parentheses indicate assumed velocities

W means water depth

Table 2. Depth to the basement at drill hole locations.
Data are from PETROBRAS [personnel communication, 1999)

Drill Name Position Depth
hole

c
N Long (km)

A 1 l-APS-042-AP 3.985 -50.448 2.129
A 2 l-APS-023-AP 3.976 -49.987 2.317
A I 1-pAs-04A-PA 0.782 -47.621 2.054
A 4 1-PAS-011-PA 0.878 -4/178 7.00*

A S l-PAS-023-PA 0.932 -46.131 75Q*
A E l-PAS-0l4-PA 0.517 -45.680 5.32*

A 7 l-MAS-009-MA 0.360 -45.446 2.100
A 2 l-MAS-025-MA -0.879 -44.839 3.491
A S l-MAS-008-MA -0.466 -44.423 4.24*

Alt l-MAS-028-MA -0.405 -44.285 593*
All 1-WAS-Oil-MA -0.464 -44.112 5.67*

Al2 i-MAS-005-MA -0.499 -44.101 557*

* Drill holes which did not reach basement.
Depths to basement were calculated by time-depth
conversion along seismic lines.
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and they are approximately perpendicular to the main

structural trends in the area. They provide adequate data

for my use in generating two-dimensional gravity

inversion models. The map of basement shown in Fig.7

includes the depths to basement from section RL-BB,

converted to km using the travel-time and the interval-

velocities given in Fig.4. The section RL-BB of Fig.4c

parallels the edge of two regional structural provinces

(Fig.6) : a basement high on the Amapa Shelf and a

relatively low basement on the Amazon Mouth shelf. This

structural edge also appears to limit the southeastern

extension of the shallow carbonates of the Amapa shelf

mapped by Rodarte and BrandAo [1988] . Because the section

RL-BB is not dominantly cross-strike, I will use these

data only when dealing with three-dimensional gravity

computations in the Amazon Continental Margin.

DRILL HOLE DATA. All drill hole data available for

the Amazon Continental Margin are restricted to the

continental shelf at water depths shallower than 200

meters. Table 2 provides twelve basement depths

determined directly from core samples or by combination of

well measurement and downward tracking of the basement on

a seismic reflection section where both well location and

sediment velocities are known. The locations of these

wells are shown on F'ig.. Wells Al and A2 are located on

the Amapa shelf. Wells A3, A4 and A5 are located on the

Para Shelf. The remaining seven wells are on the northern

border of the ilha de Santana Shelf, north of the State of

Maranhäo.

The downhole density data obtained from PETROBRAS

are summarized on the depth-density plots of Fig.5. They

comprise the data from ten drill holes distributed along

the continental shelf in the study area. Three regression



20

a)
I I I I I I I I

C.)

dens 0.60203 + 0.51703*Log(h) R20.425
C'J

00 00
' (L

0000

C c:0
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

h (depth in meter)
b)0.

00088 000000

°°8o°°
00 00

C') 00
'-I 00 0000
e 0 ln(2.67-well density) 00 00

00
ln(d.ng.contrast).- 0.3601-3.575E-4 *h R2.0.293

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
h (depth in meter)

c)

'0

I.'

4J

0
U

"1
'0 C'4

'0

0

-I

088

hi0ooOtnp4b%88

8000
00

0000 00
00

0 ln(2.8-well density) 00 00

ln(dens.contrast) - 0.2440 - 2.390E-4 * h R20.336

h (depth in meter)

F'ig.5 Density plots from well data.



21

curves were fit to the data to obtain the regional
relationship of density with depth. The sediment density

information is restricted to depths shallower than 5,000

m. The scatter in the data is not due solely to mixing

data from distinct areas. In the depth range 2,000 to

4,000 m, density is often more variable with depth than

from well to well. The logarithmic curve fit to the

original data (equation shown on Fig.5a) predicts a mean

density of 2.00 g/cm3 at a depth of 500 m, a mean density

of 2.46 g/cm3 at a depth of 4,000 m, and, by extrapolating

to a 12,000 meters depth (the average depth to depocenters

of the basins in the study area), a density of 2.71 g/cm3

The increase in sediment density with depth plays an

important role in understanding the gravity pattern over

sedimentary basins. The density contrast between sediment

and basement at depth can be small, such that the gravity

signature due to a deep sedimentary basin can be much
lower, in absolute value, than would be expected assuming

homogeneous density. I have investigated the exponential

relationship between density contrast and depth. The

equation on Fig.5b was obtained by fitting a straight

line to the natural logarithm of the density contrast,

assuming 2.67 g/cm3 for the density of the basement. The

constants ln(o) =-0.3601 and k=-3.575xl04 of the linear

equation in F'ig.5b can be used in the exponential law
=G0exp(-kh) to obtain =0.70exp(-3.575xl04 h) (with Y

in g/cm3 and h in meters) . Thus, a maximum density

contrast of 0.70 g/cm3 is predicted between sediments and

basement at the surface, and an extrapolation to 12,000 m

results in a density contrast of only 0.01 g/cm3 The

result with a 2.80 g/cm3 basement, is shown in Fig.5c, and

yield the equation =0.78exp(-2.390xl04 h) . In this case,

the predicted density contrast at the surface is 0.78

g/cm3, and 0.04 g/cm3 at a depth of 12,000 m.
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2.2 DEPTH TO MAGNETIC BASEMENT
The geographic distribution of basement data obtained

from seismic and drill hole sources is very sparse, except

along the seismic lines and on the Ceara Rise. Moreover,

the marine EQUANT PROJECT, which supplied most of the

potential field data for this study, did not survey water

depths shallower than about 20 m. In order to reduce the

large gaps in subsurface information between seismic

lines I performed a spectral analysis on the available

aeromagnetic data over the continental shelf. These

data, as 33 contour maps of total-field magnetic

anomalies, were provided by PETROERAS [personal

communication, 1989] . I digitized these maps (scale

1:100000) to generate regular grid files, from which a

set of 25 profiles each 128 km long were taken for
analysis. The aeromagnetic contour map is shown in Fig.8,

and the location of the profiles are given in Table 3.

Spector and Grant [1970] analyzed the statistical

properties of magnetic anomalies, and presented a

technique for determining the average depth to the

magnetic sources from the power-density spectrum of the

anomalies. Garcia [1990] used an inverse technique to

recover the equivalent prism dimensions of ensembles of

magnetic source bodies from the radial power spectrum.

Examples on the use of spectral analyses for determining

depth-to-source from profile data are presented in a

review by Blakely and Connard [1989].

I used the spectral approach on the aeromagnetic data

over the Amazon shelf, by selecting profiles across those

magnetic structures that showed a dominantly two-

dimensional anomaly pattern. The model assumes that the

magnetic anomaly is due to a group of sources confined

between depths h and hr,. The power density spectrum of the

magnetic field [Blakely and Connard, 19891 is given by
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where A is constant under the assumptions that the

direction of the regional field is constant and the

intensity of magnetization is a random function of

horizontal distance. Thus, h and hh can be estimated from

the power-density spectrum of the total-field anomaly. For

thin, vertical, semi-infinite sheets, with a top at a
depth h the power-density spectrum, for a profile

perpendicular to the strike of the anomaly, has the simple

form:

h(k) = A(e2kht)

or its equivalent

ln [h(k)] = mA (2h)k 2-2

which allows a determination of the depth h from the slope

(2hj of a straight line on a natural logarithm plot of

the power-density spectrum. To computed the depths (he) I

fit natural log power-density spectra estimates of

magnetic profiles to Eq.2-2. In addition, I used the

correlation coefficient of the straight line fit as a
criterion to decide whether or not a spectral band behaved

as predicted by that simple model. The results are

summarized in Table 3. The depths obtained from the

spectra of profiles 3, 8, and 18 resulted from linear fits

with correlation coefficients lower than 0.5, and, for

this reason, they were rejected. Decisions on the

reliability of the spectral technique and if the

calculated depths reflected the average topography of the

crystalline basement (rather than intra-sedimentary

volcanic bodies) were made by comparing the spectral

results with seismic data in locations where both kinds of
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information were available. These showed differences no

larger than 20%, and the depth estimates using magnetic

spectra were usually overestimated. In addition the

contours of depth to basement in Fig.7, which were based

on all data sources, show good spatial correlation with

the faults and lineations known for the area.
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Table 3. Depth to magnetic basement. Depth Data are from one-dimensional
spectral analyses of the data on the Amazon shelf.

,rof. Position depth r2 prof. Position depth r2
N°Lat W°Long (kin)

* N°Lat Lona (kin)
*

start/end (bal) start/end (bsl)

Cl -0.159 50.120 3.2 0.59 l3a 0.7E3 47.882 8.9 0.85
0.956 50.114 1.707 48.406

02 -0.385 49.304 9.5 0.93 13b 1.707 48.404 8.9 0.78
0.464 49.980 2.911 49.075

03 0.300 49.470 8.4 0.44 14a 0.770 48.410 8.0 0.87
1.205 50.084 1.697 48.962

04 -0.167 48.964 4.5 0.66 14b 1.697 48.962 9.0 0.82
0.898 49.577 2.872 49.661

05 0.839 48.999 6.4 0.54 15 0.827 48.997 9.5 0.57
1.857 49.435 1.859 49.441

06 -0.651 47.913 4.5 0.65 16 1.661 47.648 9.9 0.89
0.296 48.523 2.740 47.509

07 -0.055 47.811 2.5 0.53 17 1.306 49.549 7.1 0.79
0.944 48.250 2.426 49.640

05 -0.881 47.213 2.4 0.42 18 1.273 49.705 2.1 0.44
0.188 47.462 2.151 50.394

09 -0.110 46.874 3.2 0.64 l9a 1.717 50.194 4.8

0.995 46.922 2.651 50.737
,0.56

10 0.140 47.164 5.2 0.77 19b 2.651 50.737 4.3 0.71

0.759 48.059 3.843 51.428
11 0.471 47.138 3.8 0.80 20a 2.113 49.959 2.9 0.77

1.272 47.820 3.030 50.529

12 1.006 47.719 7.2 0.92 20b 3.030 50.529 2.7 0.76

2.071 48.052 4.262 51.295
21 2.859 50.019 4.9 0.71

3.029 51.075

* correlation coefficient from the straight line fit to the spectral
band.
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2.3 BATHYMETRY, MARINE GRAVITY AND MAGNETICS DATA
The trackline map shown in Fig.9 (trackline spacings

of approximately 9 km) comprise the shipborn gravity,

magnetic and bathymetric data provided by the 1988 cruise

EQUANT II [Ness et.al.,1989, Dauphin et. al.,l989] and by

the National Geophysical Data Center (NGDC). A five-minute

digital data grid ETOPO5 was included to provide

topographic data and to fill those marine areas where the

trackline coverage was sparse. Land Bouguer gravity

contour maps provided by PETROBRAS, and complementary

bathymetric contour maps from the Defense Mapping Agency

(DMA), were digitized and added to the previous data to

obtain a uniform digital data bank of the 12° square area.

EQUANT CRUISE DATA
Navigation. 90% of the navigation was based upon an

ARGO shore-based, pseudo-range-range transponder system

supplemented with Transit and GPS satellite positioning.

Magnavox MX 1502 geoceivers were used to geodetically

locate the shore-based transponders. ARGO, a phase

comparison lane counting system, provided 30 second

temporal position determinations for individual fixes

precise to about 10 meters. Its maximum operational range

is approximately 400 nautical miles during the day. This

is reduced to about 150 nautical miles at night due to

skywave interference. Transit and GPS receivers were used

to navigate tracklines far from shore.

Bathymetric data. Bathymetric data were obtained

using a 12 kHz Raytheon PTR-105B transceiver and a

Raytheon LSR-1807M recorder. Data were recorded on paper

ao 1 minute temporal intervals in fathoms which were

converted from two-way travel times using a constant

sound-speed in the water of 800 fathoms/sec. The depths

were corrected for sound velocity variations using Carter

Tables (1980) and converted to meters.
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Marine gravity data. Gravity measurements were

obtained using the LaCoste & Romberg gravity meter S-42

mounted on a 2-axis, gyro-stabilized platform. Data were

digitally recorded every 10 seconds. The gravity values

were re-sampled at every 3 minutes and EOtvOs corrected

using the ships velocity and heading data supplied by the

navigation files. Spurious horizontal and vertical

accelerations produced by ship motion were corrected in

real time. LaCoste & Romberg land gravity meters were

used to tie the relative shipboard gravity measurements to

the International Gravity Standardized Network (IGSN)

station located in Belém City. Free-Air gravity anomalies

were obtained by subtracting theoretical gravity values

using the International Gravity Field of 1967

(International Association of Geodesy, 1971)

NGDC/DMA DATA
The DMA gravity and bathymetric data were used to

obtain continuous coverage between the area of the EQUANT

project and the Ceara Rise area. Because the NGDC data

files are of varying quality, no network adjustment was

attempted. The criteria used to decide whether or not to

merge a DMA trackline data with the EQUANT data,

consisted in rejecting NGDC tracklines that showed

crossing differences, either with the EQUANT lines or with

themselves, larger than 5 mgal in gravity or larger than

100 m in bathymetry values. The 5-minute grid

topo/bathymetric ETOPO5 data from the NGDC files were used

to fill gaps in coverage. Bathymetric charts from DMA were

digitized to provide detailed bathymetry at water depths

shallower than 30 m.
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PETROBRAS GRAVITY DATA

I digitized Simple Bouguer anomaly contour maps
provided by PETROBRAS. These covered the land area shown

in Fig.9, to provide continuous gravity coverage across

the Amazon Continental Margin. The resulting values were

levelled to the EQUANT data considering the gravity

differences observed at Belém City.

2.4 CONTOUR MAPS

BATHYMETRIC-TOPOGRAPHIC MAP. The bathymetric-

topographic contour map shown in Fig.l0 was contoured at

200 m intervals . For physiographic features shallower

than 100 m contour intervals of 20 m were used. Three

main physiographic areas can be distinguished : The Arnapa

/ Amazon Mouth shelf , the Para / liha de Santana shelf

and The Ceara Rise. A segment of the North Brazilian

Ridge, approximately within the limits of the Saint Paul

Fracture Zone, is considered to be a geomorphologic

boundary for the continental margin off of the States of

Para and Maranhão. The widest part of the Continental

shelf in Northern Brazil is off the Amazon River. The

subaerial coastal plain is characterized by smooth

topography with an average relief of 30 m. Topographic

values higher than 110 m occur on the Amapa shield to the

east of the study area. The branches of the submarine

Amazon Canyon can be identified by narrow depressions
superimposed on the regional contours of the Amazon Cone

seaward of the Amapa shelf. This canyon provides the

t.errigenous sediments that form the submarine Amazon Cone.

Some of the physiographic features have their equivalent

signatures on the equatorial margin of the African

continent. The Amapa shelf corresponds to the Liberia

shelf in Africa, arid the Para / Ilha de Santana
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shelf has its equivalent off the Ivory Coast. The Amazon

Mouth shelf, a transition between these two areas, is

bounded on its east and west sides by major grabens, part

of the Marajó system of grabens, that narrow to the

southwest in the direction to Marajá Island. According to

Gorini [1981], the Marajd system of grabens may represent

early structures originated by the propagation of the

rifting direction of Liberia towards the continental area

of Amapa and Para, in Brazil. The configuration of the

Amazon basin coincides with the curvature of the

continental slope around the Grand Cess Ridge and with the

rifting direction of Liberia. The north wall of the Saint

Paul's Fracture Zone coincides with the region immediately

to the south of the Amazon basin in the continental shelf.

The Para / Ilha de Santana shelf widens to the west, and

the continental slope is steepest where it parallels the

Saint Paul's Fracture Zone. The Ceara Rise is bounded east

and south by the Ceara Abyssal Plain, and to the west by

the Amazon Cone. The shallowest portion of the rise is

about 1,000 rn above the surrounding abyssal plain.

According to Kumar and Embley [1977], the Ceara Rise is

asymmetric in cross section and is bounded by a steep

southern scarp . Its counterpart in the African side is

the Sierra Leone Rise which probably separated from The

Ceara Rise at about 80 Ma.

GRAVITY ANOMALY MAP. The gravity map shown in

Fig.11 was contoured at 10 mgal intervals using Simple

Bouguer gravity values on land and free-air gravity values

at sea. The free-air gravity anomalies emphasize the

continental margin edge-effect which results from the

addition of two sharp gravity components associated with

passive continental margins. One component is a

consequence of a thinned, relatively low-density
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Fig.1l Gravity anomaly map of the Amazon Continental
Margin and adjacent areas. Bouguer on land and
Free-air at sea.



ri

continental crust juxtaposed by high-density mantle

topography. The other component reflects the sharp density

contrast between sediments and crustal rocks and a thick,

low-density water layer. In oceanic areas, far from the

continental edge, the free-air gravity values reflect

primarily the density contrast between water and the rocks

forming the sea-floor topography. Free-air gravity values

must average to zero over large areas if all topographic

or mass anomalies at or near the earth's surface are

isostatically compensated in the earth's interior. This

average must be taken within an area large enough to

encompass the lateral extension of the gravity anomalies.

In my 12° by 12° area this average is only -27.87 mgals.

This number is close to the negative regional amplitude

gravity value predicted for the area in the low-harmonics

global gravity of Earth Model 9 [Turcotte and Schubert,

1982]. These low-harmonics are more likely to be caused by

dynamic processes deep in the mantle. It is worthwhile to

consider the effect of mixing Simple Bouguer values on

land with free-air gravity values at sea. For regional

gravity purposes, the land area included in this study is

dominantly flat with an average topography of about 30 m.

A maximum positive correction of 3.3 mgals would result

if the Simple Bouguer values were transformed to free-air

values. Considering the previous arguments, the study area

shows a relatively high degree of compensation.

At locations where the gravity anomalies are not
correlated with topographic or bathymetric features we may

expect lateral changes in basement structure and/or

sediment thickness. Thus, Bouguer anomalies, which are

obtained by subtracting the gravity effect of the

topography and bathymetry from the free-air gravity, are

preferred for modelling the contribution of subsurface

structures to the total measured gravity.
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BOUGUER ANOMALY MAP. The Bouguer anomaly map shown

in Fig.12 is contoured at 10 mgal intervals, and was

computed by merging the Simple Bouguer values on land with

Complete Bouguer values at sea. I made no attempt to

compute the terrain correction on the land data because

the topography, available only at 5 minute grid intervals,

would not account for the relief close to the stations.

But the dominantly flat topography ensures that this

correction is not significant. I computed the Bouguer

correction at sea, using discrete rectangular prisms as an

approximation to the bathymetry within a radius of 166.7

km around a grid point (i.e., a flat earth is assumed). I

assigned the bathymetric values, in 5 km evenly spaced

grid points, as the depth to the bottom of the prisms

with tops at sea level. The gravity effect of each

individual prism [Donald Plouff, 1976] was computed using

a 1.17 g/cm3 density contrast for the Bouguer correction,

which effectively 'fills the ocean with sediments of 2.20

g/cm3.

Highlights of the Bouguer anomaly map are: 1) the

abrupt increase in Bouguer values seaward of the shelf

which is associated with progressively shallowing of the

Moho discontinuity (i.e, crustal thinning) and to the

transition from continental to oceanic basement; 2) the

high gradient anomaly pattern across the Para /Ilha de

Santana shelf compared with the smooth gradient across

the Amapa/Amazon Mouth shelf (this is a result of

differences in the rifting mechanism which originally

formed these two parts of the Amazon Continental Margin);

3) shearing stresses with a relatively small extensional

component dominated the process of separation between the

Para area and the Ivory Coast in Africa, while Liberia

and the Amapa sector were dominantly subjected to

extensional stresses; 4) a low-density root beneath the
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Ceara Rise (marked by relatively low Bouguer values) and

its continuation toward the northwest; 5) the conspicuous

linear character of the anomaly along the south wall of

the Saint Paul Fracture Zone which appears to cross the

border of the Para shelf; 6) a positive Bouguer anomaly,

of zero to 30 mgals, on the liha de Santana shelf, which

is probably associated with shallow crystalline basement

overlain by carbonates; 7) negative anomalies on the Amapa

shelf reflecting the Caciporé Grabens; 8) the negative

Bouguer signature of the onshore sedimentary basins named

Säo Luis and Braganca-Vizeu, and the relative Bouguer

maximum on the Marajó Basin.

The smooth character of the contours on the inner

Amazon Mouth shelf is probably due to the sparsity of

gravity data as seen on the trackline map of Fig.9.

AIRY ISOSTATIC RESIDUAL MAP. The Airy isostatic

residual map shown in Fig.l3 was contoured at 5 mgal

intervals. It is the result of a standard processing, in

which the summed gravity effects of the topographic load

and their predicted root of compensation are removed from

the free-air gravity values. Isostatic residual anomalies

are not, necessarily, a result of the degree to which

loads near the earths surface are compensated at depth

[e.g., Simpson et al. , 1986; Forsyth, 1981, 1985]

Subsurface loads, considered to be any mass inhomogeneity

within or at the base of the crust, can be completely

compensated and still yield isostatic residual anomalies

since the residual is calculated only on the basis of

topography and the mean densities of the major geologic

compartments (i.e., water, crust and mantle) . Thus, the

isostatic residual map displays that fraction of gravity

which is not predicted by the simple isostatic model. Most

important, such a map enhances the anomaly caused by

subsurface bodies of geologic significance. I computed the



three-dimensional gravity contribution of both the

topographic load and its compensating root, using the

algorithm described in the previous section wherein I

discussed how the Bouguer correction was made. The depth

(below sea level) of the root of compensation d(x,y) was

computed using the relationship

d(x,y)d5(Ap1/p7) h(x,y),

where h(x,y) is the water depth, d5 is the depth of

compensation for sea level elevations, Lp1 is the

density contrast across the bathymetry, and Ap, is the

density contrast across the root. I used the parameters:

d53O km, tp1=l.64 g/cm3 and Ap2=0.35 g/cm3 The

resulting Airy root, contoured at 1 km intervals, is shown

on the map of Fig.14.

The main highlight of the Airy isostatic residual

anomaly map is the identification of three tectonic

provinces probably related to the rifting geometry. The

boundaries of these provinces are based on the residual

anomaly pattern shown in Fig 13, identified on the map by

the capi,tal letters A, B and C. The thick dashed lines are

an attempt to outline these apparently distinct geologic

areas. Considered together, these three provinces show a

geometric pattern similar to the offset-ridges observed in

crustal spreading areas. The boundaries closely coincide

with the structural setting interpreted by Gorini [1981]

based on the best apparent pre-rift fit of Africa and

Brazil. The anomalies in province B exhibit the

structural complexity that marks the transition between

two typical kinds of continental margins: an extensional

margin in the west of the sector C, and a strike-slip

margin to the north of the sector A.
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3 THE ISOSTATIC RESPONSE FILTER: MODEL AND

TECHNIQUE

3.1 THE ELASTIC PLATE MODEL

Geophysical observations of the long term behavior of

the lithosphere when subjected to surface loads leads to a

model of the lithosphere as a thin elastic plate floating

on a relatively fluid mantle. The elastic properties and

thicknesses of the plate can be inferred by relating the

observed flexure with known surface loads. The ability of

the plate to support vertical stresses makes the spatial

response of the plate extend over an area considerably

greater than the extent of a concentrated load. Details of

the model are shown in Fig.15. The elastic plate model is

also referred to as the regional compensation model or the

flexure model. In the Airy hypothesis, also known as the

local compensation model, a zero rigidity lithosphere is

assumed, and, consequently, the compensation occurs

immediately beneath the load.

The equation that governs the equilibrium of the

plate under small deformations, and in absence of

horizontal forces, [Banks et al.,1977; Turcotte and

Schubert, 1982] is given by:

D.V4w(r)=q(r) 3.11

w(r) is the deflection of the plate, measured positively

upward. More properly, it is the deflection of the median

surface within the plate. In the thin plate model it is

assumed that all surfaces within the plate deform

similarly. r is the position vector r=r(x,y). q(r) is the

net force per unit area acting on the plate, which

results from two components: the weight of the topographic

load ho(r) with density po, and the buoyancy force acting
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on the base of the plate by the displaced asthenosphere
with density Pm. That is:

q(r) = -p0gh0(r) pgw(r) 3.1-2

The load topography, h0(r), added to the plate

deformation, w(r), constitutes the measured topography

h(r) = h0(r) + w(r) 3.1-3

g is the universal gravity constant, and D is the flexural

rigidity of the elastic plate which can be expressed in

terms of its thickness, T, its Young's Modulus, E, and its

Poisson's Ratio, a, [e.g., Walcott, 1970]. That is:

ET3

12 (1-a2)

3.1-4

The solution to Eq.3.l-1 can be obtained by taking the

two-dimensional Fourier Transforms of equations 3.1-1,

3.1-2, and 3.1-3 to produce:

(2ltk)4DW(k) -p0gH0(k) p1gW(k) 3.1-5

By substituting Eq.3.1-3 into Eq.3.l-5, we find the

wavenumber domain relationship between the plate

deformation W(k) and the measured topography H(k)

W(k) =
(

\( +164kD)H(k)
pm-pJ (PmP0)g 3 . 1-6



For loads under water (water density p, the density p°

in the numerator of Eq.3.l-6, must be substituted by the

effective density Po-Pw

By rewriting Eq.3.l-6 in the form

W(k) = F(k).H(k) 3.1-7

we obtain the wavenumber domain equation of a linear

filter F(k) given by

44-1
F(k) =

'°
1 l6itkD

(prnpo)g . 3 . 1-8

F(k) is the flexural response function which

depends on the flexural rigidity and upon the densities of

the materials underlying and overlying the elastic plate.

The Fourier solution expressed in Eq.3.l-6 allows an

analysis of the degree of compensation of each

individual wavelength component of the topography.

An extremely weak plate corresponds to Airy
loading or local compensation, where the Airy root W(k)Ajry

is obtained by substituting D=O into Eq.3.1-6:

W(k)Airy - I_Po 1H()
PrcPoi 3 .1-9

The quantity [D/(pm-p0)g]'74 has the dimension of

length. It is proportional to the natural wavelength for

the flexure of the lithosphere [e.g., Turcotte and

Schubert, 1982] . If the wavelength of the topography is

sufficiently short:

<<
[g/(p11p0)g]l/4

k
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the filter response given by Eq.3.l-8 approaches zero.

This means that very short wavelength topography causes no

deformation on a lithosphere of finite strength.

For sufficiently long wavelengths of the topography,

where

= >> [D/(p-p0)g]4

k

the filter response approaches F(K)=-p3/(p-p0) , leading

to the Airy compensation expressed by Eq.3.l-9. Thus, any

attempt to find the rigidity of the lithosphere from

experimental data must consider the waveband within which

local compensation can be discriminated from the flexural

isostatic mechanism.

3.2 THE LINEAR ISOSTATIC FILTER

THE ADMITTANCE FUNCTION
To determine the elastic properties of the

lithosphere using Eq.3.l-6 both topographic and

lithosphere deflection data are required. Most of the

world areas are devoid of subsurface data concerning the

lithospheric flexure under topographic loads, but geold,

gravity and topography data, in spite of their varying

quality, are available worldwide.

Dorman & Lewis [1970] developed the admittance
function technique which consists of extracting

quantitative information (related to the state of isostasy

of a geologic feature) from the combination of gravity and

topography data. The method assumes that free-air gravity

anomalies are caused by topography and its compensation,

arid attempts to determine a filter that best predicts the

gravity anomaly from the topography. The linear relation



between gravity and bathymetry, assuming a three-

dimensional geometry, can be written in the frequency

domain as a multiplication

G(k) = Z(k)B(k) + N(k) 3.2-1

or, in the space domain, as a convolution

g(x,y) = f(x,y)*b(x,y) + n(x,y) 3.2-2

where N is noise, including any gravity anomaly not

correlated with the bathymetry. The least squares estimate

of the admittance Z(k) in 3.2-1 (which implicits that the

gravity is noisier than the bathymetry) can be obtained by

taking the ratio between the cross spectrum of the gravity

and the bathymetry G(k)B*(k) and the power spectrum of

the bathymetry B(k)B*(k) [McKenzie and Bowin, 1976]. The

symbol * denotes the complex conjugate. That is:

Z(k) =
<G(k)B* (k)>

<B (k) B* (k)> 3.2-3

The brackets mean the average taken on a set of spectra

from profile data [e.g., Karner and Watts, 1982] or from

the radially averaged power spectra from gridded data

[e.g., McNutt, 1979] in a three-dimensional geometry case.

I used McNutts approach for determining the experimental

admittances in the Amazon Continental Margin. A two-

dimensional treatment in that margin would certainly be a

rough approximation when we consider, for example, the

geometry of both the Amazon sedimentary fan and the Ceara

rise and the presence of guyot type structures bordering

the margin as shown on the gravity an bathymetric maps.

I determined the spectra using an FFT algorithm, and

the mean spectral value was obtained within an annulus of



width öK. This procedure makes Z become a function of k

rather than k, thus reducing the noise which is not

expected to show azimuthal coherence. The best estimate

for the response, in a least squares sense, is obtained by

the equation

zi =

Re (G1B*)

3.2-4

where Z is the response in the jth spectral band, Re

denotes the real part of a complex number and M is the

number of data (i=l, . . . ,M) in the jth band.

I computed the phase of the admittances as well as

the coherence between gravity and bathymetry to

quantitatively assess the reliability of the admittance

estimates. In performing a phase analysis, I treated the

data f(x,y) as a general function function in both x an y.

I also applied the Mirror imaging technique for examining

the effect of the data treatment on the admittance

estimates. This procedure, however, does not allow a phase

analyses because the data f(x,y) is arranged to produce a

symmetric function, which makes the phase zero for all

wavelengths.

The phase of the response

= atan'1-"
lRe(Z)] 3.2-5

should be close to zero if Z has the expected isotropic

form. Im(Z) is calculated using Eq.3.2-4, where Re(GiIIj*)

must be replaced by Im(GiBj*)



The usual estimator of the squared coherence is given

by:

But I used

proposed by

written as:

(GIBI):

Co =

the unbiased squared

Munk and Cartwright

= [MCo-l]/[M-l]

3.2-6

coherence estimator

[1966] which can be

3.2-7

The variance of the squared coherence estimator and the

variance of the admittance estimator were obtained,

respectively, using the equations of Bendat and Piersol

1986]

var[Co]= {2Co] [l-Co]2/M 3.2-8

[l-Co]Z
var[Z] =

2MCo 3.2-9

THE ISOSTA TIC MODEL

The real admittance function, once determined from

observational data, can be interpreted in terms of

theoretical models of isostasy. The derivation of the

admittance function, considering the elastic plate model

is given, for example, by McKenzie and Bowin [1976], Banks

et al. [1977] and. They considered the linear first

approximation to the gravity effect of both the bathymetry

and its root of compensation [Parker,1972] to obtain G(k)

Considering free-air gravity anomalies and the additional
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relationship given by the flexural response equation

(Eq.3.1-6 or Eq.3.1-8), the admittance has the form

Z(k) 1- 1+ l64k4D exp[-2k(z2-z1) I
(pmpo)g

3.2-10

where y is the universal gravity constant, z1 is the

average depth of the bathymetry, z2 is the mean depth to

the compensating root, D is the flexural rigidity of the

lithosphere, and gis the mean gravity at earth's surface.

The thickness T=z2_z1 is sometimes referred to as the

apparent crustal thickness.

A useful method to compare the admittance functions

obtained from studies carried out on distinct tectonic

provinces is to normalize Z [McNutt, 1979] by the factor

Nk 21r(p0p(,))-yexp[-2tkz1] 3.2-11

Z(k)/Nk is the response function without the effect of

differing depths to the topography. That is, the free-air

response is, in effect, converted to a Bouguer response.

In Fig.16 I show examples of theoretical admittances,

as they are predicted by the thin elastic plate theory.
The parameters (p0-p)=O.87 g/cm3, (pm-po)=l.40 g/cm3, and

z15.0 km were assumed in all cases. I anticipate that

approximately these values are likely to occur in my study

area. The solid lines are flexural admittances for a mean

compensation depth z2=l8 km and varying rigidities. The

dotted lines are Airy admittances for varying compensation

depths, obtained using Eq.3.2-lO with D=0 Newton-meter. A

comparison of the two families of curves shows that a

trade-off between rigidity and compensation depth must be

considered. With a certain degree of misfit, both Airy and

flexural isostasy can explain the same set of experimental

data.
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In the example of Fig.16, both the flexural response

curve obtained for D=1024 N m with z2=18 km and the Airy

response with z7=l03 km may adequately fit the same set of

experimental data if their mean values fall within the two

curves. Fortunately, in areas devoid of seismic or other

geophysical constraints, bounds on the depth of

compensation can be imposed by the range of depths to Moho

expected to occur in a given geological province.

In this study the Airy hypothesis is seen to be an

end member of flexural isostasy as the rigidity goes to

zero. Using this approach, I avoid prejudice in favor of

a particular isostatic mechanism by using the least

squares theory to objectively determine the parameters

that best fit the observational data. In practice,
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flexural rigidities of 1019 N m or less correspond to

elastic plate thicknesses less than about 1 km; a number

that falls within the uncertainties in most of the elastic

plate estimates based on the relationship between gravity

and bathymetry. Thus, a rigidity value less than l0' N m

characterizes an Airy type lithosphere in which surface

loads are hydrostatically compensated. The Airy response

is indeed an end member of flexural response is shown in

Fig.16 by the close coincidence between the Airy response

and the response curve for D=10'9 N m (both computed with

the same compensation depth value z2=18 km)
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4 EXPERIMENTAL ADMITTANCES IN THE AMAZON CONTINENTAL

MARGIN

Linear theory provides a simple formulation for the

admittance function by computing the spectral ratio given

in Eq.3.2-3. The computation, however, is not

straightforward when dealing with real data. The

calculation of the discrete Fourier transform assumes that

a two-dimensional array with dimensions M by N is periodic

with periods Mdx and Ndy. Sharp discontinuities at the

edges of the array cause spurious energy in the two-

dimensional spectra. Tapering the edges of the grid or

reflecting the data before calculating the Fourier

transform can reduce these effects [e.g., Bracewell,

1978]

In order to determine the reliability of the

different methods of treating the edges of the arrays, I

used the bathymetry of the Amazon Cone area to simulate a

perfectly Airy compensated continental margin. To

accomplish the synthetic Airy admittance function for such

a margin, I computed the complete free-air gravity anomaly

g(x,y) caused by the bathymetry b(x,y) and its theoretical

root of compensation r(x,y). The bathymetry array b(x,y)

as well as the anomaly g(x,y) were subjected to the same

edge smoothing method, i.e, mirror imaging (data reflected

in both x and y directions) or taper/expanding (10% cosine

tapering and appending zeros) , and Fourier transformed to

produce the frequency-domain arrays G(kx,ky) and B(kxky).

These two-dimensional gravity and bathymetry spectra were

treated as shown in Fig.l7, and equations 3.2-4 through

3.2-9 were used to produce the radially averaged

admittances Zj the radially averaged coherences, and

their corresponding variances. Starting with treating the

edge of the arrays in the space domain, all consecutive
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procedures were the same as those used to compute the

admittances for the Amazon Continental Margin.

Ky

Z(Kx,Ky)

Kx

..

Zj-1 Zj Zj+1

Fig.l7. The radially averaged power spectra scheme.

4.1 SYNTHETIC ADMITTANCES
I used the parameters (po-p)=l.64 g/cm, (p-pn)=O.63

g/cm3, and z1=l.56 km to simulate the synthetic Airy

admittances using the bathymetry of the Amazon Cone area.

A mean depth of compensation z=2l.2 km was assumed, and

the gravity eftects of both topography and the Airy root,

gridded at 10 km intervals, were computed in the space

domain using the integral effect of discrete prisms

[Plouff, 1976] . Hence, the presence of second and

higher-order gravity in the synthetic data provides a way

to analyze their contribution in the estimates of Z(K),

which are not considered in the thin elastic plate model

(Eq.3.2-lO).



EFFECTS OF THE DATA TREATMENT ON THE ESTIMATES OF THE

ADMITTANCES. A comparison of the admittances obtained by

mirror imaging the data and the admittances obtained by

tapering and expanding by appending zeros is shown in

Fig.l8a. The departures from the theoretical admittances

are significant at wavenumbers larger than about 0.20

rad/km (wavelengths shorter than 31 km) for those values

obtained by tapering and expanding. Underestimating

admittances at large wavenumbers implies underestimating

mean depth of the bathymetry. This depth is related to the

slope of a straight line that fits the logarithmic

admittances at large wavenumbers, i.e., by taking the

natural log in Eq.3.2-10 and k large we obtain

ln[Z (k) ]1n21t(po-p) -2itkz1 4-1

The effects of removing the mean or removing the

trend surface in both the gravity and the bathymetry
arrays are shown in Figl8b. Because the removal of the

means resulted in admittance values strongly biased

toward low values, I rejected this technique for dealing

with the observational data.

By mirror imaging the gravity and the bathymetry

arrays, their spectra and consequently the resulting

admittances are forced to have only real components. For

that reason, I will refer to the admittances obtained by

that means as real adrnittances (Fig.19 and Fig.20) The

admittances computed by tapering and expanding the arrays

will be referred to as corrplex adm±ttances (Fig.21) . I wish to

find both the real and the imaginary components, from which

a phase analysis can be performed. The components of the

complex admittances, considering the data of our synthetic

Airy compensated margin, are shown in Fig.19. The computed

imaginary admittances are effectively zero as predicted by

linear theory. Nevertheless, in real cases,
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Fig.l8 Effects of the data treatment procedures on

the estimates of the admittances. (a) The gravity

and bathymetry data were detrended before each of the

procedures indicated in the figure were applied.

Tapering and expanding or mirror imaging the data,

before applying the 2-D FFT, resulted in good agreement

between the experimental admittances and the values

predicted by the theory. In both cases the admittances

were underestimated for wavenumbers larger than about
0.20 rad/km (?.<3l km). This effect being more

pronounced over the admittances obtained by tapering

and expanding. (b) Removal of the means of the

gravity and bathymetry data before Fourier transform.

The admittances ( open dots ) were severely

underestimated using this procedure.
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a Real and Imaginary components of the admittances.
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the existence of a significant phase spectra, or a non-
coherent component in the relationship between gravity and
bathymetry, should not be interpreted as a lack of
compensation of the causative bodies. While the observed
free-air gravity anomalies are the expression of the
buried structures formed during the geological history of
the study area, the bathymetry is only the present
surface record of all isostatic mechanisms that have
operated during its evolution. Thus, the linear response,
which relies on the relationship between gravity and
bathymetry, provides a first-order approximation to the
isostatic problem. The geologic meaning of the departures
from the linear model, however, can be as important as the

isostatic parameters determined from the simple model.

RECOVERY OF THE ISOSTATIC PARAMETERS BY LEAST SQUARES
INVERSION. As a check on how reliably the isostatic
parameters can be obtained from the observational data, I

applied the least squares technique to the Airy synthetic

admittances. Using equation 3.2-10 with D=0 to construct
the synthetic data, three parameters completely define
the Airy response, i.e., the density contrast (pcp). the
mean depth z1, and the mean compensation depth z2. The mean
density contrast across the bathymetry (pnp) and the mean
bathymetry depth z were first obtained according to the
linear coefficients given by equation 4-1. These
parameters are usually well constrained by the bathymetry

and surface density data; their contribution to the
observed admittances are negligible in the approximate
waveband where O<Z(K)<Zra-, i.e., the compensation depth

and the flexural rigidity entirely dominate the shape of
the theoretical admittance curves of Fig.l6 in the range
of positive gradients. Determined values of (pp) and z1

were used as a priori parameters in the next inversion
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a Parameters obtained by inversion of the synthetic
admittances: po-p=l.59 g/cm3, z1=l.80 km. z-,=23.0 km,

pc-pii=0.68 g/cm3, D=0.0 N m, misfit = 0.00342 mgal/m
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b Real and imaginary coherences. The imaginary coherences
approache zero as predicted by the elastic plate model.
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Fig.20 Complex admittances. Recovery of the isostatic
parameters by least squares inversion.
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a Parameters obtained by inversion of the synthetic
admittances: po-p=i.57 g/cm3, z1=l.39 km, z7=20.4 km,

PoPrn=0.63 g/cm3, D=0.0 N m, misfit = 0.00301 mgal/m.
(See parameters in Fig.19 for comparison).
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b Coherences close to unity dominate the entire spectrum.
They show the high degree which the gravity anomalies can
be predicted from the bathymetry by using the isostatic
linear filter.
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Fig.2l Synthetic data. Real admittances from Radial
Averaging Power Spectra. Mirror imaging was applied
before Fourier transformation. Parameters used to
simulate the Airy Perfect data are the same ones shown in
Fig. 19.
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step where the compensation depth z2 was determined by

minimization of the objective function defined as

N 1/2

Misfit 1

N-i

where Z is a predicted value and Z is jth sample in a

total of N estimated admittance values.

The parameters resulting from inversion of the

synthetic admittances, are compared to their expected

values in Table 4. The deviations computed in this test

case are lower bounds on the degree of confidence on the

parameters to be determined for the Amazon Continental

Margin. Trade-off curves between compensation depth and

flexural rigidity will be computed to investigate, in the

real cases, how their uncertainties are interrelated.

Table 4. Isostatic parameters obtained by inversion
of the synthetic admittance data.

Mirror imaging Taper/expanding

Parameters Theor. Computed Dev. Computed Dev.

po-pw
(g/crn3)

1.64 1.57 -0.07 1.59 -0.05

zi
1.56 1.39 -0.17 1.80 0.24

z

(k
21.20 20.40 -0.80 23.00 1.80

misfit
(rnga 1/rn)

0.00301 0.00342

Airy model



4.2 ADMITTANCES OF THE AMAZON CONTINENTAL MARGIN

In this section I show the isostatic parameters

obtained by computing the admittances from the gravity and

bathymetry data of the Amazon Continental Margin and

neighboring oceanic areas. Three areas, distinguishable by

their physiography, were selected for analyses. They are

indicated in the topography/bathymetric map of Fig.lO, and

will be referred as: The Amazon Cone area, The Para area,

and The Ceara Rise area.

In addition to the analyses of the effects of the

data treatment, discussed in the previous section, I will

investigate the dependence of the azimuthal distribution

of the data on the estimates of the isostatic parameters,

and the geological meaning of the phase spectra of the

admittances observed in the study area.

The strength of the lithosphere, which is the

ultimate goal of the admittance analysis, is commonly

expressed by the effective elastic plate thickness, Te,

which is related to the flexural rigidity through

Eq.3.l-4. For computing Te from the flexural rigidities, I

used the values:

Young's modulus E-O.75xl011 Pa

Poisson's ratio o=O.25

These are average values for igneous rocks [Turcotte and

Schubert, 1982]

REAL ADMITTANCES

Amazon Cone area. The power spectra of both the

free-air gravity and the bathymetry as well as the

coherences are shown in Fig.22. The relatively high

coherences within the approximate waveband O.02<K<O.06

(105<2c<3l4 km) indicate that about 60% of the free-air

gravity anomaly is related to the bathymetry within this

waveband. This fraction can be even higher if we account
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for the underestimation to be expected in both coherences

and admittances that resulted for the synthetic case shown

in Fig.21 where the same bathymetric data were used. The

radially averaged admittances as well as the isostatic

parameters obtained by fitting a theoretical admittance

function are shown in Fig 23. As a result, I found

D=9.7x1022 N in (Te24 kin) for the flexural rigidity of

the lithosphere beneath the Amazon Cone, with a mean

compensation depth of 17.7 km and a misfit of 0.00734

mgal/m. The trade-off curves shown in Fig.23b indicate how

close to the least squares solution a family of isostatic

models can be. For instance, if we accept a reduction of

only 2% in the misfit, as obtained for the Amazon Cone

data, rigidity values as low as 1022 N m, with mean depths

of compensation as large as 45 km would be acceptable.

However, depths to Moho across the Amazon Continental

Margin, as constrained by seismic data, are unlikely to

be deeper than 33 km or shallower than about 9 km,

providing a mean depth of about 21 km for the whole area.

Therefore, the mean depth of 17.7 km is a geologically

plausible value if, in addition, we account for a thinner

crust beneath the Amazon Cone as compared to the

adjacent Para area.

As a check on the azimuthal dependence of the data

distribution on the estimate of Te, I computed the

ensemble average admittance data in two sectors: one

comprising the northern data and the other comprising the

eastern data. The individual samples were obtained by

taking the annular mean over a 9Q0 azimuthal band. By

reflecting the data in both x and y directions before

Fourier transformation, the true geographic azimuths are

mixed. Nevertheless, the orthogonal axis will always be

rotated by 180° such that the gravity anomalies or

bathymetric features striking within 45° of the north-
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Spectra and coherences by MIRROR IMAGING the
observational gravity and bathymetry data.
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a Best fit estimate of the admittances. The resulting
parameters are: zi=l.79 km, z2=17.7 kin, (po-p)=l.O6
g/cm3, (pm-po)=l.2l g/cm3 D=9.7xl022 N in (Te24 kin), with
a misfit=O.00734 mgal/m. The straight line shown in thefigure is the best linear fit to the adinittances withK>O.04 rad/km; from that, the depth zl.79 kin and the
density contrast (Po-pw)=l.O6 g/cm3 are obtained. Thecurved line is the overall best fit to the observed
adinittances.
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Fig.23 AMAZON CONE AREA. Determination of theisostatic parameters by least squares inversion.



c Dependence of the rigidity parameter on the
azimuthal distribution of the admittances, as obtained
by least squares inversion. The parameters other than
the flexural rigidity are assigned a priori, with the
same values obtained when inverting the radial
admittances shown in Fig.23a.

cl Inversion of the radially averaged adinittances:
D=9.7x1022 N m (Te24 km)
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c2 Inversion of the northern admittances averaged
within a 900 azimuthal band: D=8.5x1022 N m (Te23 km)
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c3 Inversion of the eastern admittances averaged
within a 9Q0 azimuthal band: D=l.7xl023 N m (Te29 kin)
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Fig.23 continued.
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south or east-west directions, will keep their average

trends. Thus, the northern admittances and the eastern

admittances shown in Fig.23c, in spite of having been

obtained by the mirror imaging technique, is likely to

contain information on the azimuthal isostatic behavior of

the lithosphere in the Amazon Cone area. Nevertheless, the

trade-off curves of Fig.23b, which consider all azimuths,

as well as the scattering of the eastern data set shown

in Fig.23c3 indicate that the observed differences

between the azimuthal rigidities, i.e, less than half an

order of magnitude, are not significant. These results are

shown in Fig.23. I obtained an effective elastic thickness

of 23 km for the northern sector, and 29 km for the

eastern sector.

Para area. The power spectra of both the free-air

gravity and the bathymetry as well as the coherences for

Para are shown in Fig.24. The peaks and troughs shown in

the coherence spectrum reflect the complicated structural

pattern in that part of the Amazon Continental Margin.

Some sources of incoherent gravity and bathymetry are

easily identified by comparing the map of Fig.lO with the

map of Fig.11. Some of these sources are the broad gravity

high over the Ilha de Santana shelf (associated with a

shallow crystalline basement overlain by carbonate banks),

the graben structures on the Para/liha de Santana shelf,

and the gravity lows associated with the onshore

sedimentary basins of Braganca-Vizeu and São Luis. They

all contribute in the sense of underestimating the

admittance values and, consequently, the flexural rigidity

of the lithosphere beneath the Para area. The parameters

obtained from the best fit estimate of the admittances are

shown in Fig.25. I found the value of 5 km (D=6.6x102d1 N m)

for the effective elastic thickness with a mean
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compensation depth of 26.5 km, and a misfit of 0.00828

mgal /m.

A better fit to the admittances of the Para area, at

wavelengths longer than 314 km ( k<O.02 ), would require

a flexural rigidity higher than 6.6x102° N m, as may be

observed in Fig.25a and in Fig.25c1. For instance, by

assuming a compensation depth about the same as that of

the Amazon Cone area, i.e., 17.7 km, a flexural rigidity

close to 1022 N m (Tellkm) is obtained from the trade-off

curves in Fig.25b. The overall misfit, however, would be

32% higher than the computed 0.00828 mgal/m. By

eliminating the data points with coherences less than 0.7

within the waveband 0.02<K<0.04, and fixing the

compensation depth at 26.5 km, the least squares fit

resulted in flexural rigidity of 5.2x102' N.m (Te9km).

The results obtained for the sectoral admittances are

shown in Fig.25c2 and in Fig.25c3. In spite of the low

coherences and low admittance values found for the eastern

admittances within the approximate waveband O.02<K<0.05

(l26<X<3l4 in km) , no significant difference in flexural

rigidity was obtained from the best fit estimates of both

the northern and the eastern sectors. The goodness of fit,

however, is markedly better for the northern admittances,

similar to the results obtained in the sectoral analyses

of the Amazon Cone data. Thus, in spite of the difficulty

in assessing any rheological anisotropy from the sectoral

analyses, it provided a means to select two data subsets

with distinct characteristics, i.e., the northern

admittances are highly consistent with the linear theory

(Fig.23c2 and Fig.25c2) and the eastern admittances highly

corrupted by other processes not related to the

bathymetry and its isostatic compensation (Fig.23c3 and

Fig.25c3)
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a Best fit estimate of the admittances. The resulting
parameters are: zi=3'.96 kin, z226.5 kin, (po-p)=l.76
g/cm3, (pm-po)=O.51 g/cm3' D6.6xlO2° N m (Te5 kin),
with a misfit=O.00828 mgal/m. The straight line shownin the figure is the best linear fit to the adinittanceswith K>O.05 rad/kxn; from that, the depth z=3.96 km and
the density contrast (po-p)=l.76 g/cm3 are obtained.
The curved line is the overall best fit to the observed
admittances.

ii I I I I

N

.01

001

0.02 0.04 006 0.08 0 10 0 12 0.14

K (rad/km)

b Trade-off curves between misfit and modelparameters. The number assigned to each curve is the
rigidity in Newton-meters.

0.019

0.017
to

0015

._ 0.013

0011

0,009

0007

lO223

0 5 10 15 20 25 30 35 40 45 50 55 60

Compensation Dept/i (km)

Eig.25 PARA AREA. Determination of the isostatic
parameters by least squares inversion.
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c Dependence of the rigidity parameter on the
azimuthal distribution of the admittances, as obtained
by least squares inversion. The parameters other than
the fiexural rigidity are assigned a priori, with the
same values obtained when inverting the radial
adrnittances shown in Fig.23a.

ci -Inversion of the radially averaged admittances:
D=6.6xl020 N m (Te5 km)
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c2 Inversion of the northern admittances averaged
within a 9Qo azimuthal band: D=6.7x1020 N m (Te5 km)
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Fig.25 continued.
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Ceara Rise Area. The power spectra of both the

free-air gravity and the bathymetry as well as the

coherences for the Ceara Rise are shown in Fig.26. Poor

quality and spatial density of the Ceara Rise data

probably contributes to the relatively low coherences,

when compared to the results of the Para and Amazon areas.

Gravity anomalies with wavelengths shorter than about 100

km (
k>0.03) are probably aliased; in some locations the

spacing between survey tracklines is larger than 50 1cm,

as can be observed in the trackline map of Fig.9.

Moreover, the gaps in the bathymetry data were filled

with the 5 mm gridded ETOPO5 data, and this may have

provided some additional energy to the bathymetry power

spectrum (without corresponding addition to gravity)

causing a decrease in the coherences. The negative

admittances which occur at wavelengths longer than 100 km

(k<0.02) cannot, however, be attributed to the sparsity on

the data. I tested these results under differing smoothing

methods and the negative admittances persisted in all

cases. The observed negative admittances and the

relatively high coherences at wavelengths longer than 300

km cannot be explained within the spatial limits of the

Ceara Rise block. They must result from the coincidence in

the signs of the regional gravity anomalies and the

regional components of the bathymetric features. A reason

for this may be the mechanical coupling of the Amazon

Cone area with the neighboring Ceara Rise area in the last

15 My. Since Miocene time the sediments of the Amazon Cone

have been loading a relatively cool and strong

lithosphere, burying a considerable portion of the western

and southwestern topography of the much older Ceara Rise.

By considering the model of a line load on an elastic

plate [Turcotte and Schubert, 1982] with 25 km thick

elastic lithosphere (as found for the Amazon Cone area), a

forebulge peak must
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a Best fit for the radially averaged admittances with
0.020<K<0.095. Resulting parameters: z1= 4.0 km, z2= 13.5
km' (PoP) =1.43 g/crn3, (PmPo)= 0.84 g/cm3, D=2.0x102° N m
(Te3 km), misfit = 0.00805 mgal/m.
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parameters by least squares inversion.
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C Azimuthal dependence of the admittances. No attempt was
made for determining the isostatic parameters from the
azimuthal admittances. The theoretical curve, as obtained by
inverting the radially averaged admittances
(Fig.27a), is superimposed for comparison.
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occur at approximately 240 km seaward of the Amazon Cone

depocenter. Its location on the bathymetric map of Fig.l0

closely concides with the 3800-4000 meter contours on the

common area between the Amazon Cone and Ceara Rise. The

forebulge has increased the gravity values in these

locations by shallowing the crust-mantle interface without

any corresponding decrease in topography. Thus, the

bathymetry and gravity correlate with each other in a

sense opposite that expected for local compensation,

producing negative admittances. The forebulge of the

Amazon Cone area overlaps the Ceara Rise area providing an

explanation for the resulting negative admittances. In

addition, the slightly high admittances occuring at very

long wavelengths in the neighboring Pare and Amazon Cone

areas, and the well behaved admittances at the same

wavelengths when the three areas were considered together,

all seem to indicate that the negative admittances of the

Ceara Rise are only a result of truncation of gravity and

bathymetry components related to a larger regional

isostatic mechanism.

In an attempt to find the isostatic parameters by

least squares fitting of the Ceara Rise data, I excluded

the negative admittances as well as the extremely

incoherent values at wavenumbers larger than 0.095 rad/km.

The results are shown in Fig.27 with a 2.0x102° N in

(Te3km) for the strength of the lithosphere and a mean

compensation depth of 13.5 km.
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The ensemble of areas of the Amazon
Continental Margin. For computing the admittances of

the entire Amazon Continental Margin I used the gravity

and bathymetric data within the limits of the

topographic/bathymetric map of Fig.l0. The purpose of this

analysis was to investigate how the admittance estimates

can be affected when distinct geologic provinces are

mixed, as well as how to achieve better resolution of the

admittances at long-wavelengths. Some studies have pointed

out that elastic thicknesses may be underestimated when

the linear isostatic responses are obtained from gravity

and bathymetry data that cover areas with different

loading histories [e.g., Forsyth, 1985] . The radial and

sectoral admittances that I obtained by considering the

combined areas are shown in Fig.28. The isostatic

parameters which resulted from the least squares fitting

are indicated in Table 5. The depth of compensation was

fixed at 22.1 km, which is the mean of the values obtained

for the Para and Amazon Cone areas. The low coherences,

and consequently the low admittances at kO.O25-O.03O
rad/km (? 251-209 km) are clearly responsible for the

relatively low rigidity (D=6.7x102' N m) obtained by least

squares fitting. This solution, which considers all of the

observed spectral data, poorly accounts for the admittance

data at the long wavelengths ( K<O.022, X>286 km) where

the gravity and the bathymetry showed higher coherences.

By eliminating the incoherent admittances within the

waveband 0.022<K<0.045, the least squares solution

indicated a flexural rigidity of 4.2x10 N m almost one

order of magnitude higher than the solution obtained by

fitting all of the spectral data. A comparison of these

results with the flexural rigidities obtained for each

subarea is given in Table 5 and in Fig.30 (which shows the

admittances normalized according to Eq.3.2-ll). By

comparing the theoretical curves with the experimental



admittances resulting from all cases shown on Fig.30a, I

observed that all of the least squares solutions obtained

by including all of the spectral data were affected by

the incoherent waveband near 0.027 rad/km. The behavior of

the experimental values shown on Fig.30a indicates that a

difference in flexural rigidities no larger than half an

order of magnitude is required between the Para and the

Amazon Cone areas in order to fit the admittances at
wavelengths X>286 km (K<0.022). Thus, the most reliable

estimates are those obtained by excluding the incoherent

data within 0.023<K<0.045 from the admittances of both the

Para area and the combined areas, and the estimate

obtained by fitting the whole spectrum of the Amazon Cone

area. The resulting effective elastic thicknesses are:

Te9 km for the Para area, Te24 km for the Amazon
Cone area and Te18 km for the combined areas. I

consider Te3 km for the Ceara Rise area as the most
reliable estimate which was obtained by eliminating the

negative admit tances.

To examine the geological meaning of the notch

filter effect on the observed admittances centered at the
wavelength 2230 km (K0.027), I simulated a phase shift

in two theoretical gravity edge effects, one of them

coherent with the bathymetry. The resulting admittances

showed similar patterns to the admittances from the Para

area, providing an explanation for the systematic loss of

coherences in narrow wavebands. The geological model

consists of outbulding of sediments during margin

evolution while carrying its corresponding gravity edge

effect, and leaving behind the older gravity edge effect

above the hinge line, which has no correlation with the

present bathymetry. The degree to which the two signals

interfere will depend upon the amount of basement

subsidence and sediment supply in the hinge zone as well
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as on the distance between the present slope and the

paleo-slope. Thus, the identification of the dominant

wavelength affected by this geologic process can be

accomplished by carrying out a phase analysis on the

admittances, and the phase peak can be used to estimate

the average distance between the present continental edge

and the hinge line. A test of this hypothesis is made in

the next section, where I show the results obtained by

computing the complex admittances of the study area.

COMPLEX ADMITTANCES

The admittances computed by using mirror imaging do

not allow the phase computation necessary to test the

hypothesis that the mechanism by which a continental

margin is loaded by sediments may have left its record on

the admittance spectra (behaving as a notch filter

superimposed on the isostatic response filter) . The

results obtained using synthetic data, and by tapering and

expanding the gravity and the bathymetry arrays before

Fourier transformation (Fig.18, Fig.19 and Table 4),

yielded overestimated values for the isostatic parameters

(except for the density contrast across the bathymetry)

The second order gravity effects and the gravity noise due

to density inhomogeneities cause a rapid decrease in

coherence with decreasing wavelengths. As a result, the

mean bathymetry and the density contrast across the load,

which are respectively proportional to the intercept and

slope of a straight line fit to the logarithmic

admittances, are severely affected. By mirror imaging the

arrays these effects were significantly reduced.

Therefore, reliable isostatic parameters are unlikely to

be obtained from the real component of the complex

admittances (as predicted by the linear theory), using the
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radially averaged spectra of free-air gravity.

Nevertheless, I computed the complex admittances for the

Amazon Continental Margin focusing on the phase spectra as

a means of resolving the incoherent waveband occuring on

the experimental admittances of the area. A summary of the

parameter estimates, as obtained by least squares fitting

of the real components of the complex admittances, is

given in the rightmost columns of Table 5. The

experimental data shown in Fig.30b, when compared to the

data of Fig.30a and the parameters shown in Table 5,

indicate two major differences in the results: the

overestimation of the admittances obtained by

tapering/expanding and a narrowing of the spectral band

where the incoherent admittances occur. The phase spectra

shown in Fig.29 have a consistent positive peak of about
45 degrees at kO.027 rad/km (223O km) in all of the

spectra, with a lower expression on the Amazon Cone data

where a similar 35-45 degree phase peak occurs at kO.0l
(X640 km) . Comparing these results with the seismic

sections shown in Fig.4a and in Fig.4b I observed that

one-fourth of these wavelengths (57.5 km for the Para area

and 160 km for the Amazon Cone area), coincide with the

distance between the shelf break and the hinge line. The

similar phase peak found on the Ceara Rise spectra,

however, cannot be explained using the same argument. One

possibility is that the portion of its paleobathymetry

covered by sediments of the Amazon sedimentary fan has

been shifted from the present bathymetry, thereby

affecting the coherence spectra in the same manner

observed in the neighbor areas. However, any analysis of

the relationship between gravity and bathymetry of the

Ceara Rise area is compromised by the relatively poor data

quality there.
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The results I obtained by analyzing the phase spectra

of the admittances in terms of sediment loading are

important in interpreting residual isostatic maps for

similar tectonic provinces. For instance, Rabinowitz and

LaBrecque [1977] have interpreted isostatic gravity highs

bordering passive continental margins as resulting from

oceanic basement highs. They used the steep landward

gradients observed in the isostatic maps to delineate the

boundary between oceanic and continental basement. I found

that isostatic anomalies bordering the margins, in the

absence of a continent/ocean crustal boundary, can be

strictly related to the paleobathymetry and its paleo-root

of compensation. Those artificial isostatic anomalies

created by the linear isostatic filter assumption, are

expected to occur landward from the shelf edge. Their

amplitudes depend upon initial crustal stretching,

loading supply, and the crust/sediment densities.
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Table 5 Summary of The results obtained from the analyses of the radiall
averaged adruittances of the Amazon Continental Margin.
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They are shown for comparison with the parameters obtained by mirror imaging



5 ELASTIC THICKNESSES OF THE LITHOSPHERE BENEATH
THE AMAZON CONTINENTAL MARGIN

It has been established from gravity studies over

seamount. and oceanic island loads that the elastic

thickness of oceanic lithosphere increases with the age of

the time of loading [e.g., Watts et al., 1980, 1988;

Bodine et al., 1981] . These results are shown on the age

versus elastic thickness plots of Fig.l together with the

age-depth curves for the 300°C and 600°C isotherms based

on cooling plate models [Parsons and Sclater, 1977] . These

isotherms are expected to control the depths at which the

lithosphere behaves as an inviscid fluid, unable to

support shear stresses. Constraints on the elastic plate

model are imposed by the results of experimental rock

mechanics, particularly with regard to yield strength

envelope curves governed by thermally activated creep

mechanisms. These experiments use the activation energy

values for both wet and dry olivine [Bodine et al., 1981]

which is the dominant mineral in oceanic lithosphere. Many

inconsistencies result when the elastic plate model is

applied to continental areas. For instance, the elastic

thicknesses for continental lithosphere beneath the Ganges

and Appalachian basins are in the range 90-100 km. These

are larger than the 40-50 km expected for oceanic

lithosphere of the same thermal age [Watts, 1988] , and

suggest a stronger lithosphere beneath continents.

Contrary results have been obtained for the lithosphere

beneath the North Sea basin [Watts, 1988], with an elastic

thickness of 5 km. This is much smaller than the expected

value for oceanic lithosphere of the same age. The

occurrence of anomalously thin elastic plates in areas of

relatively old lithosphere may be explained in several

ways: dissipation of nonhydrostatic stresses by nonelastic

processes [Walcott, 1970] , subsurface loading by



emplacement of anomalous material within or at the bottom

of the plate [Forsyth, 1985] , or lithospheric rejuvenation

by reheating of the plate [McNutt, 1984] . One or more of

these processes have been used to explain the low elastic

thickness values obtained for lithosphere beneath passive

continental margins [e.g., Karner and Watts, 1983; Mello

et al., 1988]. There appears to be a general consensus

that the loading history of a continental margin differs

from the manner in which isolated oceanic features or

mountain belts load the lithosphere. But little attention

has been paid to the time averaged isostatic effect which

is recorded in the relationship between load and flexure

(or between gravity and bathymetry) . Rifting and the

initiation of oceanic crust production is accompanied by

high thermal gradients due to mantle upwelling which
result in vanishing of an elastic lithosphere. The

rheologic environment becomes dominantly hydrostatic with

any load being compensated locally. In later stages of

passive margin evolution an increase in the strength of

the lithosphere is expected to occur. The effective

elastic thickness Te is controlled by one of the isotherms

in the range 3000_60000. Some studies [e.g., Watts., 1988)

have proposed that Te can be related, as a first order

approximation, to the square root of the age (t'2) of the

oceanic lithosphere by the linear equation,

Te k t'2 5-1

where k is determined such that Te follows a specific

isotherm. The age t is commonly referred to as the thermal

age of the oceanic lithosphere, i.e., the age since its

formation. Through thermal evolution the response of the

elastic lithosphere to an instantaneous sediment load in a

continental margin will depend upon its age since rifting

(under the assumption of rheologic homogeneity across the



margin, and in the absence of post-rifting heat input)

The elastic lithosphere can be seen as a linear filter

with a characteristic response dependent upon its

effective elastic thickness. Short term topographic loads

are the inputs to this linear system and the outputs are

the elastic plate flexures or compensated roots caused by

isostatic equilibrium. The filter response can be

determined either by relating the topographic load and the

resulting lithospheric flexure, or by relating their
gravitational effects. The elastic thickness obtained by

analysis of the admittances in a passive continental

margin (neglecting effects of rheologic inhomogeneities

and post-rifting thermal events) will reliably reflect the

strength of the lithosphere at time of loading only in the

ideal case of an instantaneous topographic/sedimentary

load event. Otherwise it will reflect the time averaged

elastic thicknesses recorded in the present relationship

between gravity (or flexure) and topography/bathymetry.

Hereafter I will use the phrase time averaged elastic

thickness to be the elastic thickness resulting from the

admittances of a passive continental margin. This is

different from the apparent elastic thickness [Walcott,

1970] due to stress relaxation in a Maxwell type rheology.

5.1 CORRECTION FOR SEDIMENT LOADING HISTORY

I propose a simple method to correct the

systematically low elastic thickness values obtained on

passive continental margins by considering their sediment

loading history. A prediction of the time averaged Te is

obtained by integrating Eq.5-1, using the lithostatic

stresses caused by the individual sediment load columns

as weights to the predicted mean in the time interval from

zero to a time T after rifting. For the case of
continuous loading with constant sediment deposition rate,
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all stratigraphic sequences have the same weight, and the

time averaged elastic thickness Te, obtained by

integrating Eq.5-1 and dividing by T , can be expressed in

the form,

= k
J

t'2dt = k T'2 5-2T
o (continuous loading)

By allowing variations in the rate of sediment deposition

at distinct time intervals the weights Wj are introduced,

and the predicted T can be obtained by the summation

(T2-T2)w

Te = k 53
3 N

i=1 (varying loading rate)

where j denotes a particular sedimentary column which

loaded the margin during the time interval AT = Tb-Tj

and with a weight Wj given by the product of its density

and thickness (w p3Ah3). The terms within the summations

depend only upon stratigraphic constraints, whereas k and

Te relate to each other according to the isotherm which

determined the isostatic evolution of the continental

margin. Therefore, Eq.5-3 can be used to compute the
extreme bounds within which any elastic thickness value

obtained by analyses of the admittances of a passive

continental margin validate the simple model predictions

expressed in Eq.5-l. On the other hand, if Eq.5-3 properly

accounts for the cumulative loading effect, k is

determined from the computed time averaged elastic

thickness T. This provides insights into the thermal

evolution of continental margins. Without accounting for

the time averaged effect on the computed elastic
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thicknesses, any explanation for the low values observed

in these provinces that relies on departures from the

simple thermal plate model will be misleading.

I corrected the elastic thicknesses that I obtained

for the Para and the Amazon Cone areas using Eq.5-3 with

the densities and the chronostratigraphy data available

for these areas. I used the maximum thicknesses of the

stratigraphic sequences and the ages of major

unconformities. These were obtained by a combination of

seismic experiments in the depocenter of these basins and

biostratigraphic studies [Rodarte and Brandão, 1988]

These data are given in Table 6. The densities were

computed according to the mean depth of each stratigraphic

unit and the density-depth logarithimic function shown in

Fig.5a. The duration of periods of non-sedimentation in

the depocenters of these basins were usually less than one

million years_and, therefore, are negligible in the

computation of Te . Although both the Para and the Amazon

Cone basins were effectively loaded continuously, the

rates of sedimentation changed within each basin,

affecting differently the evolution of Te. These results

are summarized in Fig.3l, where they are compared with the

data obtained by Karner and Watts [1982] for the

continental margins of the Lord Howe Rise, Southwest

Africa and Eastern North America. I used the same

procedure to correct the Te value for Eastern North

America using stratigraphic columns for the Carolina

Trough provided by Celerier [1986] (Table 6)

After computing the summation terms in Eq.5-3 for

each area, I used the corresponding Te values to estimate

the constant k and, consequently, the approximate isotherm

which must have driven the flexural isostasy (assuming

that the thermal evolution in those areas occured as
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Table 6 Cronostratigraphic data and
density data used in the
computation of the predicted
time averaged elastic
thicknesses.

Area Age after thickness mean dept] density (gr/cm3)
rifting(My) )cn) (km) (sed.-water)

Amazon 0 -29 2.0 13.0 1.67
Cone 29-96 4.0 10.0 1.64

96-107 8.0 4.0 1.43

Para 0 3 0.6 8.6 1.61
3 -27 2.0 7.3 1.57
27-36 0.3 6.1 1.53
36-43 0.9 5.6 1.51
43-51 0.5 4.9 1.48
51-85 1.5 2.9 1.36
85-1(9 1.1 0.6 1.00

Eastern 0 -12 4.3 9.6 1.63
North 12-23 1.8 6.1 1.53
America 23-50 1.3 4.5 1.46
* 50-110 1.6 3.0 1.37

110-175 1.1 1.6 1.23

*Co1ina Trough, USGS 81-32 08-3750
[Celerier, 1986]

a Time averaged elastic thicknesses as a function of
the age of oceanic lithosphere, predicted from
stratigraphic data and the thermal plate model. Te for
Eastern North America is from Karner & Watts[1982], and
the stratigraphic data are from Celerier [1986].
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Fig.31 Plots of elastic thickness versus time of
loading.



b Plots of Te versus age of oceanic lithosphere at
time of loading, as proposed by Karner & Watts [1982].
Data outside Brazilian areas are from these authors.
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predicted by the cooling plate model). I obtained k=3.l5

(isotherm 4500) for The Amazon Cone area, and k=0.72

(isotherm 1200) for the Para area. An approximate k2.05
(isotherm 3QQ0) , obtained by trial and error, satisfied

the averaged elastic thickness that resulted from the

admittances of the combined areas. A constant k=2.04

(isotherm 300°) was obtained for the Eastern North America

continental margin. This is not significantly different

from the k for the areas of the Amazon Continental Margin.

T0 values as a function of age of the oceanic lithosphere

in the study areas are shown in Fig.31a, together with the

theoretical curves predicted by Eq.5-2. This equation is

equivalent to Eq.5-3 for unity weights, which corresponds

to the case of continuous loading throughout margin

evolution. Thus, if a continental margin has undergone an

uninterrupted, constant rate of sedimentation, the

experimentally determined Te values, measured at any time

after rifting, must underestimate the true value Te by

two-thirds.

The elastic thicknesses for the study areas,

corrected for the loading history, are shown in Fig.3lc.

Their uncorrected values are shown in Fig.31b for

comparison. I suggest that the Te versus age plots of

Fig.31b, as presented by Karner and Watts [1982], be

replaced by a Te versus age of last loading, to account

for a more realistic loading mechanism for a passive

continental margin. Considering that the relationship

between loading and flexure, or bathymetry and gravity, is

a record of the thermal state of the lithosphere at the

time of loading, the elastic thickness to be measured will

reflect at most the strength of the lithosphere at the

time of the last stratigraphic event. Therefore, in a

continental margin devoid of sediments (e.g., the starved

margin of Lord Howe Rise) this time is zero, and the

present age of the basin has no isostatic importance.



Thus, both the Ceara Rise (formed in a ridge environment)

and the Lord Howe Rise basin were shifted to the zero

thermal age in the graph of F'ig.3lc.

A comparison of some of the Te values obtained in

oceanic crustal flexure studies, shown in Fig.l, with the

corrected Te values shown in Fig.31c, indicates that, in

spite of the complicated tectonic setting, the isostatic

response of a continental margin to sediment loading is

dominated by an oceanic type rheology.

Because the chronostratigraphy of the Southwest

Africa margin is poorly known [Karner and Watts, 1982], no

correction was applied to its elastic thickness. The

history of that margin consists of both rift and shear

components. Therefore, its evolution should be similar to

that of the Para area, with both showing a mixing of

tectonic environments. This may well explain the low Te

values for Southwest Africa. Nevertheless, a comparison of

the isostasy in those sites can be misleading since the

loading history effect has not been accounted for in the

Southwest African data. Moreover, the persistent result

of low Te values for the Para area always outside the

range 300°-600° after correction requires an examination

of the role of subsurface loads in that area.

5.2 SUBSURFACE LOADS AND THE BOUGUER ISOSTATIC

RESPONSE

I examined the role of subsurface loads in the

Amazon Continental Margin using the approach of McNutt

[1983] and Forsyth [1985] . It consists of determining a

linear filter response of the Bouguer gravity to the

topography/bathymetry, using equations 3.2-3 through 3.2-9

with the free-air gravity being replaced by the Bouguer

gravity. By using Bouguer anomalies to determine the

isostatic response, two variables are eliminated in the

theoretical response filter given by Eq.3.2-lO: the mean
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depth for bathymetry and the density contrast across the

seafloor. The experimental Bouguer response is easily

obtained from the experimental free-air response by

subtracting the topographic term given by Eq.3.2-ll from

Eq.3.2-lO, once the mean depth for bathymetry and the

density contrast have been provided.

I used the theoretical Bouguer response to loads and

subsurface loads as presented by Forsyth [1985] The ratio

of the amplitudes of subsurface to surface load, for all

wavelengths, is given by a constant, f, that specifies

the importance of internal loads, or subsurface

inhomogeneities, on the observed response. A

simplification is introduced in the model by assuming that

the elastic plate is loaded simultaneously at the top and

at the Moho. Although it provides a means to overcome the

difficulties in constraining the spatial distribution and

the depths of the subsurface loads, the resulting mean

compensation depth, obtained by analyses of experimental

data, can be misleading.

The theoretical Bouguer response, which considers an

elastic plate loaded at top and at subsurface, is given

by the equation

with

and

(H+H/}
Q(k) = -2t(p0p)yexp[-2mkz]

{H+H} 54

;= 1 +Dk4/Apg

= 1 +Dk4/p0g

MEl f(popHT/Ap 5-5

H and H are respectively the amplitudes of bottom and

top loads, zm is the mean depth of compensation, and the

remaining parameters are as described in Section 3.2.



The Bouguer response and the best fitting model

obtained for the areas of the Amazon Continental margin

are shown in Fig.32. To determine the extent to which the

rheology in the study areas is homogeneous and how the

presence of subsurface loads in the Para and Ceara Rise

areas could be hiding this homogeneity, I used a fixed

flexural rigidity value of 9.7xl022 N m, as was obtained

for the Amazon Cone area. This value is probably reliable

in light of the highly coherent admittances and low degree

of misfit as shown in Fig.23. The best fitting model
parameters are shown in Fig.32b. I obtained f=5 and zm =61

km, with the remaining parameters constrained by the

previous results shown in Table 5. The results shown in

Fig.32b strongly support the hypothesis that subsurface

loads in the Amazon Continental Margin systematically

affected the admittances in the waveband of about 0.027

rad/km. Therefore, the values shown in Table 5, exclusive

of the results for the Amazon Cone area, are likely to be

underestimated. The value of 61 km obtained for the mean

depth of compensation, however, cannot be constrained by

the geophysical data available. This relatively large

depth is probably the result of simplifications in the

model, which considers that subsurface loads and Moho

occur at the same mean depth. The depth and geometry of

gravity sources has nonunique solutions if the densities

are not constrained. One explanation for the 61 km depth

greater by more than a factor of two than a reasonable

mean depth to Moho is that, by forcing randomly

distributed subsurface loads to be concentrated at a same

depth, the resulting depth value must be larger than the

true depth to Moho in order to account for the observed

gravity.

I used the best fitting linear filter shown in

Fig.32b to obtain the maps of Fig.33. The Bouguer anomaly



Fig.32 Bouguer isostatic response functions for the

Amazon Continental Margin (ensemble of areas) . (a) A

subsurface to surface load ratio of 5 and a rigidity of

1x104 N m (Te53 km) explains the observed Bouguer response

as well as the lower rigidity 4.2x1022 N m (Tel8km) found

from the free-air response (Table.5) in which subsurface

loads were not considered. The narrow waveband about 0.025

rad/km, however, remains unexplained and a large

compensation depth is required. In this experiment the only

free-parameter was the compensation depth. (b) Best least

squares estimate of the depth of compensation for rigidity

of 9.7x1022 N m (Te24 km) as found for the free-air

response of the Amazon Cone area (see Table 5) . A factor

f=5 is required to account for the negative peak about

0.025 rad/km, and the abnormal depth of compensation (61

km)is a result of the simplifications in the model which

considers the elastic plate as being loaded simultaneously

at both the top and at the Moho. In this experiment the

free parameters were the factor f and the compensation

depth.
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predicted from the bathymetry was computed in the

frequency domain and inverse Fourier transformed to

produce the map of Fig.33a. From that the residual Bouguer

map was computed by adding the predicted corrections to

the Bouguer values of the map in Fig.12. The contours, at

10 mgal intervals on the predicted Bouguer anomaly map of

Fig.33a, qualitatively represent the upward continued

version of depths to the compensated root in the presence

of subsurface loads. These contours can be compared with

the flexural roots of Fig.34a, which were obtained using

the best least squares parameters for the free-air

response without considering subsurface loads. An

interesting insight, brought by the Bouguer response

filter, is the identification of the spatial distribution

of the wavelengths more susceptible to subsurface load

effects. The inflections of the contours occur in the

direction of the fracture zones, with a pattern different

from that on the contours of the map in Fig.34a. The

locations of the Sierra Leone fracture zone on the maps

are inferred based upon the trend of the inflections on

the map of Fig.33a which coincide with the direction of

that oceanic feature as it is shown on published

bathymetric charts of the oceans.

The tectonic complications in the Amazon Continental

Margin are illustrated by the large isostatic residuals

which remain after either the free-air response or the

Bouguer response filter predictions have been removed from

the observed gravity. These residual maps are shown in the

figures 33b and 34b.
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6 INVERSION OF GRAVITY DATA FOR STRUCTURAL MODELS

In this section I summarize the theoretical basis of

the generalized inversion program that I developed to

invert gravity data for structural geologic models in the

study area. An automated inversion technique has several

advantages over the more commonly used forward modelling

methods [e.g, Talwani, 1959, 1960] including reduced

computational expenses, easy insertion of constraints in

the model, and an objective measurement of confidence on

the model estimates.

The determination of the densities of a geologic

structure, composed of bodies with known spatial dimensions

and gravity signature, can be framed as a typical linear

inverse problem in geophysics. In contrast, a determination

of the spatial structural parameters, i.e., boundaries

between volumes of known densities, is a non-linear

problem. I used a hybrid scheme of inversion (i.e., linear

followed by non-linear inversion) for modelling the

geologic structures of the Amazon Continental Margin.

The input for the the two-dimensional linear program

is the Bouguer gravity anomaly and an a priori structural

model with its geometry constructed on the basis of seismic

estimates and on the Airy isostatic hypothesis. In this

stage of modelling the geometry is fixed and the

densities are the free parameters to be determined by
inversion of the Bouguer gravity data. The a priori margin

structure comprises three major geologic units: sediment,

crust and mantle . In this initial model the boundaries

within the sedimentary unit are constrained by the seismic

data of Fig.4 and the refraction data of Table 1. The

crustal geometry is formed based upon two hypothesis: the

crust/mantle boundaries (the Moho discontinuity) are the

Airy roots of Fig.14 and the crust is formed by vertical

prisms bounded on the top by the sediment unit. Once the
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geometry of the sedimentary unit and the geometry of the

crustal unit have been constructed, the mantle geometry is

then determined. The mantle is treated as a homogeneous

geologic unit bounded on its top by the Airy root and at

bottom by a horizontal plane at a depth of 50 km. All units

extend laterally to infinity. In practice, the model was

extended to a distance of one hundred thousand kilometers

from the edges of the gravity data set to avoid spurious

gravity edge effects.

Because the geometry of the sedimentary bodies is

considered well constrained, the sediment densities

modelled as described above, are now treated as true

parameters, and they are not allowed to change in

subsequent inversion stages. In contrast, the geometry of

the crustal bodies is poorly constrained and for that

reason I consider alternative crustal models, using the

non-linear program.

The input data for the non-linear program is the

regional gravity anomaly obtained by stripping-off the
gravity effect of the sediments from the Bouguer gravity

anomalies. The Moho discontinuity is here assumed to be the

source of this regional gravity, and the refraction data of

Table 1 is used to constrain the density contrast between

crust and mantle. The density contrast between crust and

mantle is fixed leaving the depth to Moho as the free

parameter to be determined by non-linear inversion of the

regional gravity.

6.1 LINEAR INVERSION

Here I used the line integral solution developed by

Taiwani et al. [1959] for the forward computation of

gravity anomalies caused by two-dimensional structures.
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Fig.35 Schematic representation of the forward problem in

gravity, as derived by Taiwani et al. [1959]

Using matrix notation, TalLwani's equation can be

written in the form,

g1 (di) = 2yd [t z]
k=1 6.1-1

where g1(d) is the j-th (j=l,...,n) gravity datum due to

the i-th (i=l,...,m) prism of density d1. All prisms extend

to infinity in the y-direction , and their cross-sectional

areas are polygons in the x-z plane, as illustrated in

Fig.35. Yis the universal gravity constant, and the terms

of the summations within the brackets are a function only

of the relative spatial locations of the L sides of each

polygon and the observation point. For the precise form of

the Zk see Talwani et al. [1959]

For a density model vector d* , the computed gravity

anomaly, G, at a point j can be written as,



G = F(d*) j=l,2,...,N

with

i1

M

F(d*) = g(d)

Following the same notation, the differences between the

gravity computed for the model d* and the observed gravity

can be expressed by the equation,

N

= a(d-d)
i=1 6.1-2

where d1 is an element of the solution density vector

d =
[di,...idm]

that satisfies the observed gravity, and

a1 are data kernels. That is:

= [2y ZK]
K=1 6.1-3

I rewrite equation 6.1-2 in the form

AG = a1Ad1

or in the usual matrix notation

AG =AAd 6.1-4

Thus, the linear inverse problem consists of finding
the deviation of the true model, vector Ad, from the a

priori density model d*, with AG being the deviation of

the data from the computed anomaly Gc.

Considering the uncertainties on the gravity data

(navigation and instrument errors), and the uncertainties

on the model (the earth is not two-dimensional) an error

vector must be introduced into Eq.6.l-4. That is:

AG=AAd+e 6.1-5
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If it is assumed that there are fewer parameters than

data, the least squares estimate, Ad, is obtained by the

equation:

where

Ad = (ATA)'ATAG 6.1-6

Ad = Ad + (ATA)ATe 6.1-7

If ATA is ill conditioned, the error term in Eq.6.l-7

can be very large and some parameters may be very poorly

determined. If there are more parameters than data, some

parameters are completely undetermined. In this case (ATA)

and hence the least squares solution can not exist. In both

cases there can be a wide range of models which fit the

data. The generalized inverse program developed in this
T -1

study handles simultaneously the ill conditioning of (A A)

and the model size problems. The basic idea used here is to

find the smallest perturbation from the a priori density

model which provides a good enough fit to the data.

I used the generalized inversion approach of Parker

[1979] and Menke [1984] to find a solution to the problem

stated in Eq.6.l-5. The problem is solved as follows.

The goodness of fit to the data is determined by
minimizing the norm

AdTWAd

subject to the constraint equation,

-i- IIAG-AAdII <T
6.1-8
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T is a tolerance on the misfit between experimental and
predicted data, y2 is an estimate of the error variance and

W is a diagonal weight matrix.

The solution vector is a linear combination of the

data kernels. That is:

Ad = ATb 6.1-9

The Gram matrix ['is formed by the matrix products

F = AWAT

and b is a vector obtained by the equation,

b(V) [F+I]'AG , b = [bi,...,br]
or

b(k) =[F+kI]'AG

with

6.1-10

I is the unit matrix, and V is a Lagrangian multiplier

[Parker, 1979]

I used the Cholesky Decomposition Method to solve

Eq.6.1-lO.

For modelling of structural geologic sections in the

Amazon Continental Margin I used a number of gravity data

larger or equal to the number of model parameters (nm), and

a G2 of 9 mgal2 was assigned to the data variance based

solely on the rms crossing errors of the tracklines in the

Equant gravity data.
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6.2 NON-LINEAR INVERSION
I used the forward formula obtained by Chai and Fiinze

[19881 to derive a solution for the non-linear problem of

mapping an interface above which the densities are known.

The interface is modelled by the depths to bottom of

vertical rectangular prisms, and the density contrast is
assumed to decay exponentially with depth, i.e., ooe.

The parameter 0is the density contrast between surface

rocks and basement rocks, and k is a decay constant.

Gravity anomalies due to the array of the prisms are

calculated in the wavenumber domain, and then converted to

the space domain, using a Fast Fourier Transform (FFT)

program. Following Chai & Hinze, the solution in the

wavenumber domain is given by the equation:

(u,v) = 2it0 (4ab sinc2ua) (sinc2vb)

x (k1,+2its) { l_e_tm,r+2]1m,n}

x e[2j(rn4n)I 6.2-1

I rearranged the terms in Eq.6.2-1 to obtain

expressions more suitable for computation, and to

facilitate the derivation of the elements of the Jacobian

matrix. I first considered the contribution of all prisms

to an amplitude sample gn of the two-dimensional gravity

spectrum. For a fixed wavenumber, g is a function only of

the prism parameters, and Chal and Hinzes equation can be

expressed in the reduced form,

1- etnmI) e0
6.22
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with the following auxiliary equations:

s (u+v)"2

Anm = (4ab sinc2una) (SinC2Vb) (km+2Th5n)'

tnr = km+2ltsn

Orlin = 2it (ur'iam+vn3m)

M is the number of prisms, n is a data sample in a total

of N observational data points in the two-dimensional

gravity amplitude spectrum (u,v), a and b are the

horizontal semi-dimensions of the prisms centered at the
coordinate points (a,13) , and y is the universal gravity

constant.

By considering only the real components G of g, Eq.6.2-2

reduces to,

n = l_etnmhmcos8nn,

rn=1 6.23

By expanding G in Eq.6.2-3 in Taylor series, in the

neighborhood of a starting depth vector h* = [h, . . . ,h]

and keeping only the first order term of the expansion, a

linear equation is obtained. That is,

= Gn + (h1h)
m=lhm 6.2-4

or its equivalent,

Jinin hrn

ffl= 1 6.2-5
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where the Jacobian matrix J is obtained by taking the

partial derivatives of G in Eq.6.2-3,

1nm Anm cosenm tnrn e' 6.2-6

Therefore, the system of linear equations that results

for a number N of spectral data, in the form of Eq.6.2-5,

can be expressed by the matrix product,

AG = Ah 6.2-7

or similarly,

+ Ah 6.2-8

I solved Eq.6.2-2 with an iterative procedure based

on the linearization of Eq.6.2-8. The iterative procedure

begins with the computation of G for a starting model
h = [h1, . . .hM] , its corresponding differences vector AG,

and the initial Jacobian matrix J. A correcting vector Ah

is then obtained by inversion of Eq.6.2-7. I used the

Cholesky Decomposition Method to invert Eq.6.2-7, using

the same minimization criteria that was described in

Section 6.1. Then, the parameter K in Eq.6.l-l0 was

determined by trial of several values, as in the Ridge

regression approach of Marquardt [1970] . That is, no

speculation was made on the statistical properties of the

corruptive noise in the transformed wave domain data. K is

in effect a damping factor acting over the high frequency

amplitudes. After each iteration h* as well as C are

updated to produce a new Ah. The process is repeated until

the maximum absolute correction among all Ah1 reaches a

desired tolerance, i.e.,

max[IAh1I, ..., jAhI] Tolerance 6.2-9
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6.3 TWO-DIMENSIONAL HYBRID INVERSE MODELS

The use of a two-dimensional linear/non-linear hybrid

scheme for inverting the gravity data of the Amazon

Continental Margin proved to be appropriate for modelling

the complex structure of the region. The sedimentary

compartments of the margin were modelled through the use of

the linear inversion technique described in section 6.1.

Then, the depths to Moho were estimated using the non-

linear inversion technique described in section 6.2.

Some structures in the study area (the guyots

bordering the margin, the Amazon sedimentary fan) would be

more appropriately modelled through the use of a three-

dimensional inversion algorithm. The FORTRAN routines

developed in this study, as described in Section 6.2, can

be used in both two and three-dimensional cases. However,

its 3-D application could not be accomplished for the study

area because sufficient structural constraints were

unavailable. Another difficulty is the size of the study

area, which is approximately 1.8 millions square kilometers

and includes multiple tectonic provinces with distinct

gravity patterns.

Absolute densities obtained from independent gravity

modelling can be compared if they have been obtained

through the use of a common standard mass column [e.g.,

Barday, 1972] . That is, if the modelled densities refer to

a common standard earth structure within a given depth

range. This additional constraint was introduced when

modelling the structural sections of the study area. I

used a standard mass column composed of two horizontal

slabs to account for a two-layer earth, i.e., a 30 km thick

crustal slab with a density of 2.80 g/cm3, atop a 20 km

thick mantle slab with a density of 3.25 g/cm3 The

resulting gravity value for this standard mass column is

6231 mgals.
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I used the data of Table 1 and Table 2 and the

depths to seismic horizons of Fig.4 to constrain gravity

models of two transects across the Amazon Continental

Margin. Their locations, labelled AA and CC, are shown on

the Bouguer Map of Fig.12, and they will be referred to,

respectively, as the Transect Para Shelf- Ceara Rise and

the Transect Amapa Shelf Amazon Cone. The parameters of

the modelled sections are shown in Table 7 and Table 8. The

structural models are displayed in Fig.36 and Fig.37.

The modelled sections shown in Fig.36a and Fig.36b

resemble an Airy-Pratt isostatic model in which the crustal

topography is compensated at depth by variations in both

density and thickness of the crust. The Airy roots mapped

in Fig.14 were used to constrain the lower boundaries of

the crust, and they provided an initial guess of the Moho.

This hypothetical crust was then split into vertical

compartments to allow a crustal density model which fits

the regional gravity. The horizontal locations of the

vertical edges of the prisms in the crust were chosen to

coincide with the regional gradients in the observed

gravity profile. In effect, unnecessary prisms were avoid

by widening prisms in areas dominated by long wavelength

gravity anomalies.

The diagonal weight matrix of Eq.6.l-5 was chosen to

penalize large departures from the initial densities in

those polygonal bodies where density was considered to be

well constrained. For instance, the Bouguer correction

density of 2.20 gr/cm3, which was used to replace the sea

water by sediments, was not allowed to change by inversion

of the Bouguer gravity; the weight 1x1006 assigned to the a

priori density resulted in a density correction non

significant within two decimal places. The weight values

shown in Table 7 and Table 8 approximately correspond to

the squares of the maximum corrections allowed for the a

priori densities. These a priori densities of the
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sedimentary compartments were determined using the density-

depth relationship shown in Fig.5a with the depths

provided by seismic reflection data. The a priori model for

the transects Para shelf Ceara Rise and Amapa shelf

Amazon Cone are shown, respectively, in Fig.36a and

Fig. 37a.

The results of the linear inversion, where the lower

crustal boundaries were constrained by the Airy roots, are

shown in Fig.36b and Fig.37b. Those models show the density

variations that should occur within the crust if Moho were

coincident with the Airy root. In Fig.36b, the anomalous

2.47 g/cm3 for the density within block 18, located

beneath a guyot , clearly indicates that Moho must be very

deep in that geologic compartment of the Para area. The

crustal densities obtained by the linear inversion, as

compared to the hybrid model in which depths to Moho were

obtained by the non-linear scheme, are shown in Fig.36c.

(Para shelf Ceara Rise) and Fig.37c (Amapa shelf Amazon

Cone)

The inclusion of a priori information on density

variations within the deep crust, when inverting for depths

to Moho, would require more refraction data than are

available. Two refraction points on each transect comprise

the entire knowledge of the deep structures within the

crust at seismic Moho levels. These points are labeled P8

and PlO in Fig.36d, and labeled P5 and P6 in Fig.37d,

respectively, for the Para shelf Ceara Rise and the Amapa

shelf Amazon Cone transects. These controls were used a

posteriori to constrain the Moho. By fixing the crustal

density of 2.8 g/cm3, I generated a set of models, each with

a distinct constant, for the density of the mantle. Then,

the set of models , comprising distinct Moho levels, was

compared to the refraction horizons to determine which of

the computed models would best fit the refraction horizons

with compatible velocities. Two values of mantle density
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(3.15 and 3.25 g/cm3) produced two independent models, each

relatively well correlated with the seismic horizons. Both

Moho models are shown in the transects of Fig.36d and

Fig.37d, where they are indicated as bounds on depths to

gravity Moho. The name gravity Moho , as it has been used

in other gravity studies, seems to be appropriate here

because it emphasizes that the lower crustal horizons which

are more sensitive to gravity, are not necessarily the Moho

as conceived to be a major contrast in acoustic properties.

The model in which the mantle has a density of 3.15

g/cm3 showed good correlation with the seismic horizons with

velocities in the range 6.7-7.5 km/sec in both transects. A

similar correlation was obtained for the Moho modelled with

a mantle density of 3.25 g/cm3, with velocities in the

range 8.1-8.4 km/sec. The only significant misfit between

the depths to Moho as modelled with a 2.80-3.25 g/cm3 and

the depths to the refractor of 8.1-8.4 km/sec occurs at the

location PlO in the Para shelf Ceara Rise transect

(Fig.36d) . The fact that the refraction location PlO is

not in the plane of the transect does not seem to be the

cause of the observed misfit. These data, as well as the

refraction data in the transect of the Amapa shelf Amazon

Cone have been projected along the basement contours (map

of Fig.6) . Following these contours the crustal thicknesses

are not expected to show large variations. The misfit of

about 2.5 km observed at location PlO would be reduced by

considering either a slightly lighter mantle beneath the

Ceara Rise or a slightly higher mean density in the crust

of that ridge.

In spite of the intrinsic nonuniqueness of these

solutions, the model which considered a 2.80-3.25 g/cm3

density contrast across the Moho proved to be consistent

with the seismic Moho determined by refraction studies. For

that reason I will consider it to be the preferred model

throughout the rest of this study.
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The depths to Moho, as modelled in the transects Arnapa

shelf Amazon Cone and Para shelf Ceara Rise, correlate

well with their corresponding Bouguer gravity. These are

shown in Fig.38 together with the fourth degree polynomial

which best satisfies, in a least squares sense, the

relationship between depth estimates and Bouguer values. I

used this fourth degree polynomial with the coefficients

shown on Fig.38a to obtain the map of interpolated depths

to Moho of Fig.39. The modelled Moho and the Moho predicted

along the two transects are compared in figures 38b and

38c. together with their rms errors. These errors are 1.39

km and 1.01 km, respectively, along the transects Para

shelf Ceara Rise and Amapa shelf Amazon Cone.
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Table.7 Model and data parameters of the
transect Para shelf Ceara Rise

1INEAR INVERSION

Polygon <ID> Density Corners Weight Density
number (a priori) (inversion)

1: 01 0.00 4 i.E-Of 0.00*
2: 02 2.20 101 i.E-O6 2.20
3: 03 1.95 57 1.5-02 2.05
4: 04 2.30 37 i.E-02 2.40
5: 05 3.15 57 i.E-06 3.15
6: 06 2.40 31 1.5-02 2.59
7: 07 1.90 101 i.E-04 1.90
8: 08 2.45 82 1.E-02 2.69
9: 09 2.30 45 1.5-02 2.51

10: 10 2.80 24 1.5-06 2.80
11: 11 2.80 8 1. 2.88
12: 12 2.80 7 1. 2.87
13: 13 2.80 15 1. 2.99
14: 14 2.80 4 1. 2.64
15: 15 2.80 6 1. 2.86
16: 16 2.80 ii 1. 2.97
17: 17 2.80 4 1. 2.77
18: 18 2.80 7 1. 2.47
19: 19 2.80 6 1. 3.00
20: 20 2.80 5 1. 2.88
21: 21 2.80 4 1. 3.00
22: 22 2.80 7 1. 2.97
23: 23 2.80 15 1. 2.87
24: 24 2.80 6 2. 2.84
25: 25 2.80 15 1. 2.83
26: 26 2.80 30 1. 2.84
27: 27 2.80 5 1. 2.96
28: 28 2.80 10 1. 3.03
29: 29 2.55 16 1.E-01 2.69
30: 30 3.35 4 1. 3.42**
31: 31 2.55 26 i.E-02 2.71
32: 32 2.80 5 1. 2.92
33: 33 2.00 19 i.E-02 2.15
34: 34 2.40 58 1.E-02 2.56
35: 35 2.12 33 i.E02 2.20

* polygon on top of sea surface to account for terrain effects.
Density=0.00 => all measurements at sea level.

infinite horizontal slab with top at 40 km and bottom at 50 km.

Number of gravity data points 161
Number of polygons 35 (866 corners)
Standard mass column 6231
Data variance 9 mgal2
Lagrangian multiplier 1.

NON-LINEAR INVERSION of the Boug-uer gravity without the sediment effect

Number of data points in the freiency domain 128
Number of prisms 128
prisms width 10 km
Constant density contrast crust/mantle model 1 2.80-3.15 gr!cm3

model 2 2.80-3.25 gr/cm3
Stabilization factor k 1.E-*04

Tolerance 0.050 km
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Table.8 Model and data parameters of the
transect Amapa shelf Amazon Cone

LINEAR INVERSION

Polygon <ID> Density Corners Weight Density
number (a priori) (inversion)

1: 01 0.00 4 l.E-06 0.00*
2: 02 2.20 102 1.E-06 2.20
3: 03 2.37 57 1.5-02 2.44
4: 04 3.15 46 1.E-06 3.15
5: 05 3.40 4 1. 339**
6: 06 2.65 52 1.E-02 2.46
7: 07 2.60 79 l.E-02 2.69
8: 08 2.45 93 1.5-02 2.75
9: 09 2.55 29 1.5-02 2.54

10: 10 2.45 60 1.5-02 2.31
11: 11 2.45 83 1.E-02 2.35
12: 12 2.45 14 1.E-02 2.51
13: 13 2.80 16 1. 2.83
14: 14 2.80 25 1. 2.80
15: 15 2.80 23 1. 2.89
16: 16 2.80 19 1. 2.98
17: 17 2.80 20 1. 3.07
18: 18 2.80 13 1. 3.06
19: 19 2.80 9 1. 3.05
20: 20 2.80 11 1. 3.02
21: 21 2.90 11 1. 3.05
22: 22 2.80 11 1. 2.91
23: 23 2.80 11 1. 2.84
24: 24 2.80 11 1. 2.80
25: 25 2.80 11 1. 2.80
26: 26 2.80 9 1. 2.75
27: 27 1.97 135 1.E-04 1.90
28: 28 2.40 19 1.E-02 2.72
29: 29 2.35 88 1.E-02 2.36
30: 30 2.70 63 1.E-02 2.76

polygon on top of sea surface to account for terrain effects.
Density=0.00 => all measurements at sea level.

infinite horizontal slab with top at 40 km and bottom at 50 (us.

Number of gravity data points 160
Number of polygons 30 (1128 corners)
Standard mass column 6231
Data variance 9 mgal2
Lagrangian multiplier 1.

NON-LINEAR INVERSION of the Bouquer gravity without the sediment effect

Number of data points in the frequency domain 128
Number of prisms 128
prisms width 10 km
Constant density contrast crust/mantle model 1 2.80-3.15 gr/cm2

model 2 2.80-2.25 gr/cm3
Stabilization factor k l.E+04
Tolerance 0.050 km
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Fig.38 Polynomial regression on the modelled depths to

Moho for the transects Amapa shelf Amazon Cone and

Para shelf Ceara Rise. (a) The continuous line is a

fourth degree polynomial fit to data from both transects.

The dots are samples taken at 10 km intervals along the

modelled transects. (b) Comparison of predicted Moho with

the modelled Moho in the transect Para shelf Ceara Rise.

(c) Comparison of the predicted Moho with the modelled Moho

in the transect Arnapa shelf Amazon Cone.
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7 REGIONAL SUBSIDENCE ESTIMATES AND FLEXtJRAL

RESPONSE OF THE LITHOSPHERE BENEATH THE AMAZON CONE

AREA

Two geophysical processes have been proposed as the

primary cause of subsidence of passive continental

margins: tectonism and sediment loading. The tectonic

subsidence is treated as being the result of two

components: the initial subsidence due to thinning of the

lithosphere, including the crustal layer, and the

subsequent thermal subsidence or vertical contraction due

to progressive cooling of the lithosphere.

Trehu et al. [1989] has discussed the results of

thermo-mechanical modelling of the Atlantic continental

margin of North America and pointed out that because of the

poor definition of the ages and thicknesses of pre-drift

sedimentary units the initial tectonic subsidence is

usually the most difficult parameter to measure.

Models which predict the tectonic contribution to

subsidence [e.g., McKenzie,1978, Royden and Keen,1980], are

usually constrained by subsidence estimates determined

from drillholes and seismic stratigraphy studies. Gravity

provides constraints on the crustal thinning across the

margin, and magnetics can be a major constraint on the

ocean-continent crustal boundary.

McKenzie [1978] proposed a simple model of pure-

shear, uniform-extension for the initiation and evolution

of sedimentary basins in which geotherms, heat flux, and

subsidence associated with the cooling of the lithosphere

are functions only of the amount of stretching and the age

after the onset of rifting. Mckenzie's model has been

widely used by the oil industry to explain major aspects

of the thermal evolution of sedimentary basins.

Differences observed between predicted and computed paleo-

waterdepths, using a uniform-extension model can be
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significantly reduced when more realistic models, such as

the pure-shear, non-uniform extension model, presented by

Royden and Keen [1980] and discussed by Celerier [1986]

are introduced. Most models considered today represent
variations of the pure-shear, uniform-extension model
presented by McKenzie [Trehu et al.,l989]

Buck et al. [1988] showed the thermal consequences of

simple-shear extension compared with the pure-shear

mechanism. The simple-shear model presented by them does

not consider the strength of the crust. However, it

provides insights into the patterns in heat flow,

subsidence or uplift observed in young rifts or predicted

for old rifts. For instance, if the rifting process at a

given margin was the result of simple-shear instead of

pure-shear extension, the initial uplift or subsidence, the

thermal evolution, and brittle/ductile fault control in the

basement should be different. The asymmetry in heat flux,

predicted to occur in conjugate margins, is unlikely to be

observed after rifting has been completed. However, the

basement topography as well as crustal thicknesses are long

term and permanent records of a simple-shear extension

mechanism which can be verified by seismic, well, gravity

and magnetics data.

Celerier [1986] investigated one-dimensional and two-

dimensional thermal models for the evolution of the

Carolina Trough in the U.S. Atlantic margin. He concluded

that, for predictions of subsidence accurate to within 1

km, the one-dimensional uniform extension model is largely

sufficient, with the main source of improvement being the

introduction of flexural response. Following Celerier, an

accuracy of about 300 m requires additional constraints

(initial heat input, amounts of erosion, sediment

properties, basement depth and loading response) to those

usually available for old, deep basins.
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In what follows, the loading response of the

lithosphere beneath the Amazon Cone is obtained using the

direct relationship between load and flexure estimates.

The steps involved in the computation of the loading

response filter are shown in the flow chart of Fig.43, and

the parameters used, together with their reference sources,

are given in Table 9.

The one-dimensional uniform-extension model of

McKenzie was used to predict the tectonic contribution to

the total subsidence estimates shown on the map of Fig.7.

The sediment load component was determined by subtracting

the the total subsidence estimates from the predicted

tectonic subsidence. The appropriateness of McKenzies

thermal model for the study area depends upon the

constraints available and on the results of Celerier.

7.1 BASIC EQUATIONS OF THE UNIFORM-EXTENSION

THERMAL MODEL

The basic equations used to estimate the different

components of subsidence are presented next. The meaning of

the parameters are given in Table 9.

Initial subsidence. Local isostasy is assumed before

and after stretching. The elevation Z(13) of a column

stretched by an amount 3 is computed by comparing it with a

reference unstretched continental crust (j3=l) of elevation

z(l).

Pa ö(Z(l)) Pa'i ph Pm(hihC)
(1 1)Z() = zL1) +

Pa(Z(1)) Pa(Z(13))

is defined such that, for elevation below sea level (z>O)

(Z)=p, and for elevation above sea level (ZO) (Z)=O.
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Thermal subsidence. The thermal subsidence, St, is a

function of the time since stretching, t, and of the

stretching factor, 3.

S(t,) = E1 1 sin[(2m+l)][l- exp(-(2m+l)2)]
m=O (2m+1)3 'C

where
hiPm(0)UTaE1=
pm(0)-p 2

Tectonic subsidence.

obtained by the sum o

subsidence that is:

The tectonic subsidence, is then

the initial and the thermal

Z(t,3) = Z(13) + S(t,13)

7.2 SEDIMENT LOAD AND BASEMENT FLEXURE

The crustal stretching factors, defined as the ratio

of unstretched to stretched crust, were computed using a 32

km thick unstretched crust as reference. The crustal

thicknesses were obtained by subtracting the depths to

basement from the depths to Moho. These are shown,

respectively, in the maps of Fig.7 and Fig.39. The crust

was treated as homogeneous within the limits of the area

selected for analysis, therefore the entire crust was

assumed to follow the same thermal predictions. The thermal

parameters of subsidence were chosen based on previous work

on Atlantic type continental margins. The resulting

prediction of the tectonic subsidence beneath the Amazon

Cone area is shown in the map of Fig.41b. The loading

subsidence, WLOa, , is then the difference between the total



subsidence estimate, STotal, 
subsidence. That is: 

WLoad = STotal Z(T,13) 
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and the predicted tectonic 

where T and STotal are the present-day age and depth to 

basement respectively. This equation was used to obtain 

the estimates shown on the map of Fig.42b 

By subtracting the present-day bathymetry, Hb, from the 

predicted tectonic subsidence, the sediment load 
, 

HLOad 

is then estimated. That is, 

HLoad = 
Zt(T,13) 

- 
HB 

Because the history of sediment deposition is not 

intrinsically modelled in this approach, the load measured 

by this means has been referred as an effective load in 

Fig. 42a. 

A similar approach for determining load and flexure 

has been used by Walcott [1972] and Watts [1988] 
. 

These 

workers, however, did not consider the thermal 

contribution to the total subsidence which may affect both 

the amplitude ratio and phase relation of load and flexure. 

7.3 FLEXURAL RESPONSE AND RIGIDITY OF THE 

LITHOSPHERE 

The sediment load topography of Fig.42a and the 

basement flexure of Fig.42b were Fourier transformed to 

produce the characteristic filter response shown in Fig.43. 

For computing the filter response, I used Eq.3.2-3 with the 

variables of gravity and bathymetry being replaced by 

flexure and sediment load. The flexural rigidity and its 

corresponding Te were then obtained by least squares 

fitting of the filter estimates to the model of elastic 

lithosphere given by Eq.3.l-6. 
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As a result, I obtained a flexural rigidity of 1.1 x

1022 N m, with a corresponding time averaged elastic

thickness of 12 km. By correcting this value for the

sediment load history, as proposed in Section 5 and shown

in Fig.31, the present-day effective elastic thickness of

the lithosphere beneath the Amazon Cone is then estimated

to be about 20 km. This result and the Te estimates

obtained using the relationship between gravity and

topographic load are compared in Table 10.

The best fit flexural response (Te=12 km), plotted in

Fig.43, clearly underestimates the experimental response at

wavenumbers in the range 0.005<k<0.03. These relatively

long-wavelength flexures dominates the central portion of

the Amazon Cone and seem to require an elastic lithosphere

in the range 12-25 km. In the southeast sector, where the

relatively short wavelengths occur, a thinner elastic

lithosphere (Te<12 km) seem to best fit the estimates.

Grabens and strike-slip faults occurring in this sector may

explain a decrease in the strength of the lithosphere by

dissipation of vertical stresses.

The residual map of Fig.44 shows the difference

between the estimated total subsidence and the predicted

total subsidence. The predicted flexural component of

subsidence was computed using Te=12 km. The shaded area on

that map indicates the locations with residuals larger than

1 km. Beneath these locations the basement and Moho are

poorly constrained. They also coincide with the portion of

the margin dominated by transcurrent faulting. Therefore,

it is difficult to decide whether the large residuals

result from inadequacies of the simple thermo-mechariical

model or from relatively large errors in the structure

estimates. In Fig.45 the predicted subsidence components

are compared with the structural component estimates along

the transect Amapa shelf Amazon Cone. This transect

coincides with the best constrained structural locations,
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where the relatively small difference between predicted and

estimated total subsidence seems to validate the

combination of the pure-shear uniform extension model with

the flexural isostasy.

The normalization factor of 1.12 shown in Fig.43 is

the response estimate at the fundamental wavenumber. This

is also the estimate for the factor (PoPw)/(PnrPo) of Eq.3.l-

6. By assuming a 2.20 g/cm3 for the density of the

topographic load the factor 1.12 provides a 3.24 g/cm3 value

for the mean density of the mantle. These results agree

with both the Bouguer density correction and the mantle

density in the transects modelled in Section 6.
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Table.9 Parameters used in the pure-shear uniform
extension model.

Parameter Meaning Value

T Age of the ?mazon Cont. Margin (5) 110 Ma

(after rifting)

h1 Lithospheric thickness (1) 125 km

Time constant (2) 65.85 My

T8 Asthenosphere temperature (2) 1365 °C

a Coefficient of thermal expansion (2) 3.lx105 ocl

Z(l) Initial continental elevation (4) -0.10 km

h Crustal thickness(4) 32.0 km

Pc Average crustal density(4) 2.80 gr/cm3

Pm(0) Density of mantle material at 0 °C (3) 3.308 gr/cm3

Pin Average mantle density(4) 3.278 gr/cm3

P water density 1.03 gr/cm3

Pa Asthenospheric density (3) 3.168 gr/cm3

Maximum seafloor subsidence (4) 3.84 km

(1) McKenzie, 1978

(2) Parsons and Sclater, 1977

(3) Celerier, 1986

(4) Estimated in this study.

(5) Rodarte and artori, 1988
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a The initial subsidence.

Fig.4l Contour maps of the initial and the tectonic
subs idences.



b The tectonic subsidence.

Fig.41 continued.
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a The effective sediment load.
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b - The sediment load subsidence. 
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Fig.43 - The characteristic filter response of the
lithosphere beneath the Amazon Cone area obtained using the
radially averaged spectra of the sediment load estimates
and the sediment load subsidence estimates.
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c - COMPUTATION OF THE FLEXURAL RIGIDITY USING
SEDIMENT LOAD AND BASEMENT FLEXURE ESTIMA TES
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Fig.43 continued
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Table 10 Re.ulCs of th-$ analyses of tiw isostat.c retiponses

SURFACE LOAD SURFACE AND SUBSURFACE LOAD

(Free-air) (Basement flexure) (Bouguer)

Amazon Cone:
D=i.Ox1O-97x1O-- Nm D=1.lxlO° Nm

= 17.7-40 km
time aveaged:Te=12-24 km Te=12 km
present day: 2_Q2Jz present day: Te=2Okn
(k= 2.05-3.15) (=3000_450) (k=2.05) (=300°)

Para:
D=6.6x105.2x1021 Nm
z = 265 km
time averaged: Te=5-9km
present day: Te=8-12 km
(k=0.72-1.15) (=120°-180°)

Combined area: f =5
D=6.7xiO24.2xi0 Nm D=9.7x1022 N in
z =22.1 km z =61 km
time averaqed:Te=1O-18 km Te=24 km
present day: Te=12-22km present day:
(k=1.12-2.05) (=i60°-300°) (k=2.70) (=400°)

Ceara Rso re:
D=2.0x102° N in
z =13.5-18 km
time averaged:
present day: Te undetermined

(0
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8 SYNTHESIS AND CONCLUSIONS

I have compiled and gridded geological and

geophysical data of the Amazon Continental Margin and its

adjacent oceanic areas within an area 12° by 12° (4°S-8°N,

41°E-53°W) . These data have been used to produce maps of

depth to regional basement, bathymetry, free-air gravity,

Bouguer gravity, and isostatic residual gravity.

Using synthetic data I have investigated how reliably

the isostatic parameters can be recovered from the

admittances obtained under different methods of treating

the edge of the gravity and bathymetry arrays before

Fourier transformation. Detrending of the data followed by

mirror imaging of the space-domain arrays proved to be the

best approach.

The admittances and coherences at wavelengths shorter

than about 31 km were underestimated by all processing

methods tried. This bias affects estimates of density and

mean depth of the topography/bathymetry. Constraints on

these parameters, however, can be imposed by the

topography itself and by well-log data. Lower bounds on

the errors are 4% on the estimate of the mean density and

12% on the estimates of the mean depth to the

topography/bathymetry.

The rigidity of the lithosphere and the corresponding

effective elastic plate thickness beneath the Amazon

Continental Margin were determined by fitting the

admittance estimates to a thin elastic plate model.

I found D=9. 7x1022 N m (Te24 km) for the flexural

rigidity of the lithosphere beneath the Amazon Cone, with

a mean compensation depth of 17.7 km.

The least squares estimate of the isostatic

parameters in the Para area were D=5.2x101 N m (Te9km)

with a mean compensation depth of 26.5 km. These values

were obtained by excluding admittances with coherences



151

less than 0.7 within the waveband 0.02<K<0.04.

Alternatively, the value Te5 km resulted when all data

points in the spectra of the admittances were considered.

The analysis of the admittance of the Ceara Rise area

yielded D=2.0x102° Nm (Te3 km) with a mean compensation

depth of 13.5 km. In spite of the poor quality of the

Ceara Rise data, this relatively low rigidity is

compatible with the origin of the region in a ridge

environment.

I have used the topographic/bathymetric data and the

gravity data of the entire Amazon Continental Margin to

obtain the admittance of the combined area (Amazon Cone,

Para and Ceara Rise) . The purposes of this analysis were

to investigate how the isostatic parameters are affected

when distinct geologic provinces are mixed, and to best

resolve the shape of the admittance curve at long-

wavelengths.

The adrnittances of the combined area exhibit low

coherences in the approximate waveband of 0.025-0.030
rad/km (2 2 51-209 km) . As for the case of the Para area,

I excluded these low coherences to obtain the best least

squares estimate of the isostatic parameters. This

resulted in D=4.2x1022 N m (Te18 km) and a mean

compensation depth of 22.1 km.

The relatively low Te values obtained using the
admittance technique in the Amazon Continental Margin

represent time averaged elastic thicknesses. They reflect

the integrated isostatic response of the lithosphere to

sediment load throughout margin evolution. I have

presented a simple formula to correct the systematically

low elastic thickness values obtained for passive

continental margins. This correction takes into account

the sediment load history and requires a reasonable

knowledge of the chronostratigraphy of the basin.
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The time averaged elastic thicknesses that I

obtained, after correcting for loading history, have been

used to predict the isostatic evolution of the areas

selected for the admittance analyses. The constant k in

the square root of age law, Te=kt'2, has been determined

using the ages provided by previous studies in these areas

along with the Te estimates. Thus, the isotherms which

probably controlled the effective elastic thicknesses in

these areas have been estimated.

Upper bounds on the estimates of the factor k that I

obtained from the analyses of the free-air response to

surface loads are:

1) k3.l5 for the Amazon Cone area (controlling isotherm

45QO, present-day Te32 km)

2) k1.l5 for the Para area (controlling isotherms l8O0,

present-day Tel2 km)

3) k2.O5 for the combined area (controlling isotherms

3QQO, present-day Te22 km)

The persistent result of low Te values and

corresponding isotherms for the Para area always outside

the range 300°-600° after correction has been attributed

to the presence of subsurface loads in that area.

The importance of subsurface loads in the study area

has been examined fitting the Bouguer response estimates

to a thin elastic plate model loaded simultaneously at top

and at subsurface. I have found that subsurface loads can

be more important than surface loads by a factor of 5 in

the areas of the Amazon Continental Margin outside the

Amazon Cone itself. This exercise also yielded k2.7O

(controlling isotherms 4QQ0, present-day Te29 km) . The

gravity anomalies most affected by subsurface loads were

found to occur along fracture zones and along the shelf

break.

Using a linear/non-linear hybrid scheme of damped

least squares inversion, I have developed two-dimensional
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linear and non-linear programs for inverting gravity data

to model crustal structures. Sedimentary structures in the

margin have been inferred by linear inversion for density,

subject to available seismic constraints on margin

structure. The depths to Moho have then been estimated

using a non-linear inversion technique and the constraints

provided by seismic refraction data.

The highlights of the modelled transects (Amapa

shelf/Amazon Cone and Para shelf/Ceara Rise) are:

a) regionally, the average density of the sediments

decreases seaward of the shelf-break (typically 2.45 g/cm3

to -2.0 g/cm3) and increases with depth (Typically -2.0

g/cm3 to 2.69 g/cm3 beneath the continental slope);

b) an average density contrast of 0.45 g/cm3 occurs across

the Moho discontinuity;

c) the stretched segment of the continental crust beneath

the Amazon Cone area is approximately twice longer than

the stretched segment beneath the Para area;

d) the crust beneath the volcanic diapirs of the Para

transect is abnormally thick and its location coincides

with the Saint Pauls Fracture Zone.

The depths to Moho modelled in the transects are

accurately predicted by Bouguer anomalies. Fitting a

fourth degree polynomial to Moho depth resulted in a

correlation coefficient of 0.97. This polynomial was then

used to predict depths to regional Moho from the Bouguer

anomalies of the Amazon Continental Margin and its

adjacent oceanic provinces. The rms errors between

predicted and estimated depths along the modelled

transects are 1.01 km for the Amazon Cone and 1.39 km for

the Para transect.

The effective elastic thickness beneath the Amazon

Cone area obtained from the analyses of the gravity
response to topographic load were compared with

independently estimated elastic thickness obtained using
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the direct relationship between basement flexure and

sediment load.

The latter approach required an a priori choice of a

thermo-mechanical model of evolution of the Amazon

Continental Margin to predict the thermal contribution to

the present depths to basement. Based upon previous work on

Atlantic-type continental margins and on the structural

data obtained in this study, I used the pure-shear uniform-

extension model of McKenzie to estimate the tectonic

subsidence in the Amazon Cone area. Subject to the

assumptions implicit in that model, estimates of load and

basement flexure may be made. The crustal stretching factor

(the only free parameter in the uniform extension model)

was estimated by assuming a 32 km thick unstretched crust

as reference. The isostatic filter response was then

estimated from the Fourier coefficients of the sediment

load and subsidence estimates. The flexural rigidity and

its corresponding Te were then obtained by least squares

fitting of the filter estimates to the thin elastic plate

model.

This exercise yielded an elastic thickness estimate of

12 km (D=l.1x1022 Nm). This is a time averaged estimate.

After correcting for the loading history the present-day

elastic thickness estimate is Te2O km.

The value of Te2O km, determined from the direct

relationship between load and flexure in the Amazon Cone,

is not affected by uncertainties in the depth of

compensation. The Te values that I obtained from the

gravity response, however, depend upon a very few available

refraction constraints on this depth.

The trade-off curves between misfit and depth of
compensation, z, that I obtained for the Amazon Cone show

that a flexural rigidity of D=1.Oxl 022 Nm with z4O km as

well as D=9.7x1O2 Nm with z=l7.7 km fit the estimated

admittances equally well. Therefore, accepting z24O km to
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be the present-day mean depth of compensation beneath the

Amazon Cone, the two approaches (gravity response and

basement response) lead to the same predictions of the

isostatic evolution in this area.

Whether considering gravity versus bathymetry or
basement flexure versus sediment load for the Amazon Cone

area, consistent results for Te are obtained with K2.O5

(controlling isotherm 3OO°) , and the evolution of the

elastic lithosphere, beneath the margin there, can be

summarized in the approximate equation equation

Te2.O5 t'12

This prediction can be extended to the entire Amazon
Continental Margin given that the result obtained is

reasonably compatible with the admittance analysis for the

combined area. The underestimated Te values for the Para

area almost certainly reflect the important role that
subsurface loads play beneath that region. The analysis of

the Bouguer response to surface and subsurface loads

indicate that the approximate equation

Te2.7O t'2

must also be considered as an alternative model of the

evolution of the elastic lithosphere beneath the Amazon

Continental Margin.
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