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ABSTRACT 

The study of the flexure of the South-American lithosphere is of great importance for 
the understanding of the changes th at were experienced by the continent throughout its 
geological evolution. 
The underlying motivation of this research, was to determine: "What processes 
contributed to changes of South-American topography in the course of the last 65 
million years?". The accumulation of vast quantities of sediment on the oceanic 
(especially Caribbean and Atlantic) margin of the South American continent is one 
such process. The research presented here will therefore explore and quantify the 
impact of this sediment accumulation on the flexural deformation of the South 
American lithosphere and its contribution to topography change during the Cenozoic. 
With this in mind, the investigation's preliminary step was the creation of a database 
that con tains information about the thickness of the sediments deposited during the six 
geological epochs comprised by the Cenozoic era, which was prepared from data taken 
from articles of the drilling Campaign ODP (Ocean Drilling Pro gram) and the DSDP 
(Deep Sea Drilling Pro gram). In addition, the 2003 Divins global database was utilized 
for this study as weil. These sediment data are employed to determine the thickness 
that is accumulated in each geological epoch, expressed as fraction of the total sediment 
thickness along the entire Atlantic margin of South America. Taking into consideration 
the preceding analysis, the flexural response was nwnerically calculated using a 
spectral treatment of the equations based on spherical harmonie basis functions. These 
calculations were performed using a group of algorithms generated in FORTRAN. The 
results were implemented on maps that show the change of the continental uplift 
(flexural forebulge) during the Cenozoic er a. From the maps of the flexural response, 
we suggest that a maximum flexural depression of -2970 meters occurred in the 
Paleocene, yielding a maximum forebulge uplift of the continent of 153 meters, while 
the least flexural depression occurred in the Quatemary, prompting a forebulge of 12 
meters. Similarly, during the Miocene-Pliocene interval occurred a maximun1 flexural 
depression of -1016 meters yielding a maximum continental uplift of 39 meters. 
Likewise, the Eocene-Oligocene interval experienced a maximum flexural depression 
of -831 meters, inducing a maximwn forebulge of 47 meters. The Paleocene-Eocene 
interval is characterised by minor sediment-induced flexural depression, yielding a 
modest forebulge uplift of 21 meters. Finally, attention is given to the important 
question of the origin of the accumulated sediments in the oceanic margin, which are 
coming from the Andes, and the shields of Guyana, Brazil and Patagonia. Sediment 
transport to the oceanic margin is accomplished by different fluvial systems that drain 
to the continent. The primary river systems involved in this transport are the 



Magdalena, Orinoco, Amazon and La Plata flowing into the Caribbean Sea and the 
Atlantic Ocean. Sediment deposition along the oceanic margin is modulated by a 
nwnber of oceanographie process that include cunents, wind, and tides. 

Keys Words: South-America, Cenozoic sedimentary load, lithospheric flexure, fluvial 

system and oceanic cunents. 



RÉSUMÉ 

L'étude de la flexion de la lithosphère Sud-américaine est de grande importance pour 
la compréhension des changements qui ont été expérimentés par le continent tout au 
long de son évolution géologique. 
La principale motivation de cette recherche a été de déterminer : "Quels sont les 
processus qui ont contribué à des changements de la topographie de l'Amérique du Sud 
au cours des derniers 65 millions d'années ?". L'accumulation de vastes quantités de 
sédiments sur la marge océanique du continent- sud-américain (surtout les Caraïbes et 
l'Atlantique) est un de ces processus. La recherche présentée ici donc explorera et 
quantifiera l'impact de cette accumulation de sédiments sur la défom1ation flexural de 
la lithosphère de l'Amérique du Sud et sa contribution au changement de la topographie 
durant le Cénozoïque. Dans cette optique, l'étape préliminaire de la recherche a été la 
création d'une base de données qui contient des informations sur l' épaisseur des 
sédiments déposeés durant six époques géologiques qui constituent l'ère Cénozoïque. 
Les données ont été extraites des articles des campagnes de perforation ODP ("Ocean 
Drilling Program") et du DSDP ("Deep Sea Drilling Program"). La base de données 
mondiale de Divins 2003 a également été utilisée pour cette étude. 
Ces dmmées stratigraphiques sont utilisées pour déterminer l'épaisseur accumulée dans 
chaque époque géologique. Ils sont exprimés comme la fraction de l'épaisseur totale 
des sédiments sur toute la marge Atlantique de l'Amérique du Sud. La réponse de la 
flexion a été calculée numériquement utilisant un traitement spectral des équations 
basées sur les fonctions de base d'harmoniques sphériques. Ces calculs ont été effectués 
en utilisant un groupe d' algorithmes générés en FORTRAN. Les résultats ont été 
affichées sur des cartes qui montrent le changement du soulèvement continental 
(flexural forebulge) durant l'ère Cénozoïque. À partir des cartes de la réponse à la 
flexion, nous suggérons qu'une dépression flexurale maximale de -2970 mètres s' est 
produite dans le Paléocène, ce qui donne un soulèvement maximal (forebulge) du 
continent de 153 mètres, tandis que la plus faible dépression flexurale s'est produite 
dans le Quaternaire, provoquant un soulèvement (forebulge) de 12 mètres. De la même 
façon, durant l'intervalle du Miocène-Pliocène s'est produite une dépression flexural 
maximale de -1016 mètres produisant un soulèvement continental maximal de 39 
mètres. De même, l'intervalle Éocène-Oligocène a expérimenté une dépression 
maximale de -831 mètres, induisant un soulèvement maximal (forebulge) de 47 mètres. 
L'intervalle Paléocène-Éocène est caractérisé par une dépression mineure; cette 
dépression induite par les sédiments, c'est qui dmme un modeste soulèvement 
(forebulge) de 21 mètres. Enfm, l'attention est donnée à l'importante question de 
l'origine des sédiments accumulés dans la marge océanique, lesquels proviennent des 



Andes, et des boucliers de Guyane, du Brésil et de la Patagonie. Le transport des 
sédiments à la marge océanique est accompli par différents systèmes fluviaux qui 
drainent le continent. Les principaux systèmes fluviaux impliqués dans ce transpmt 
sont le Magdalena, l'Orénoque, l'Amazone et La Plata qui se jettent dans la mer des 
Caraïbes et dans l'océan Atlantique. Le dépôt des sédiments le long de la marge 
océanique est modulé par un certain nombre de processus océanographiques qui 
comprennent les courants, les vents et les marées. 

Mots clés: An1érique du Sud, la charge sédimentaire Cénozoïque, flexion 
lithosphérique, système fluvial et les courants océaniques. 



CHAPTERI 

INTRODUCTION 

The lithosphere, which is considered to be the outerrnost layer of the mantle, rests on a 

low-viscosity layer called the asthenosphere, which flows to sustain the process 

of isostatic adjustment. (Barre li, 1914 ). The application of a load on the surface, 

generating vertical forces, gives rise to deformation or flexure of the lithosphere. This 

flexure is dependent on its flexural rigidity, which is a measure of the elastic resistance 

of the lithosphere (Walcott, 1970) and determines the amplitude and wavelength of the 

flexure caused by loads on the surface (Watts, 1978). Burov & Diament, (1992) 

suggest that the mechanical strength of the lithosphere, vertical and horizontal , are 

primarily controlled by the applied load, by restraining forces and by the thermal 

structure of the plate. 

Numerous studies have elucidated the deformation of the lithosphere caused or induced 

by different surface loads such as volcanoes, ice, intrusion and sediment accw11ulation. 

In the case of the continentallithosphere, studies su ch as tho se conducted by Kamer & 

Watts, (1983) show how the lithosphere is deformed by surface loads associated with 

fold/tlu·ust belts and subsurface loads such as obducted blocks/flakes, which are 

developed during continental collision, convergence and suturing. Similarly, studies by 

Walcott, (1969) in Canada focused on the deformation of the lithosphere caused by ice 

sheets; where the lithosphere is treated as an elastic layer overlying a viscous layer. 

Garcia (2003) has shown that isostatic flexure may be induced by normallistric faulting 

of the crust, which is important to w1derstand the geometry of sedimentary basins. 
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In the case of the oceanic lithosphere treated as a thin plate of elastic rheology, loads 

such as volcanoes flex the lithosphere thereby generating uplift with geological features 

near the area (islands, atolls). If the volcano continues to grow, flexure magnitude 

increases as the wavelength remains constant, with the exception of changes caused by 

the increase in the radius of the load (McNutt & Menard, 1978). Similarly Watts et al. , 

( 197 5) and Watts and Cochran, ( 197 4) analyzed and modelled flexure of the Hawaiian 

and Emperor chain that is maintained for long periods, employ data that constrain 

gravity and subsidence along the chain . Subsequent admittance analyses confirm that 

rigidity changes little with age of the lithosphere and that its effective elastic thickness 

is in the range of20-30 km (Watts, 1978). Badine et al, (1981) built a rheological 

mode! of the oceanic lithosphere based on results of experimental rock mechanics, in 

arder to determine the relationship between flexure parameters and rheological 

properties. The results of the model suggest that, in responding to the loads of 

seamounts and oceanic islands, the lithosphere deflection is insensitive to the size and 

duration of the load for times greater than 1 to 10 million years . Based on the above, 

it can be inferred that the effective flexural rigidity of the oceanic lithosphere is a 

function oflithosphere age at the time ofloading and therefore, depends on lithospheric 

temperature (Badine et al, 1981 ; Watts, 1978), such that flexural rigidity increases with 

age. (Watts et al , 1980). 

Finally, research on continental margin, such as that conducted by Karner & Watts 

(1982) which study the relationship between free-air gravity and topography, 

considered sedimentary loads and interpreted results in terrns of a flexural isostatic 

mode!. These authors argue that if the mechanical properties of the oceanic lithosphere 

are similar to the lithosphere of the continental margin, th en the sedimentary Joad on a 

young continental margin is associated with low elastic thickness (Te) values while 

sediment loads on an old continental margin can be associated with higher Te values. 
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For this reason the old continental margin of North America is associated with high 

values of Te with values ranging from 10 to 20 Km. The opposite happens in the young 

Coral Sea!Lord Howe rise margin where Te reaches values of about 5 km. The above 

shows that the elastic thickness Te increases with the age of the lithosphere (Watts et 

al. , 1980). The results of the elastic thickness were obtained using parameters such as 

Young's modulus with a value of 10 12 Pa and Poisson's ratio of0.25. (These values are 

referred in arder to show how the elastic thickness changes ifthese values are modifies) 

Also , Pazzaglia & Gardner (1994) modeled the flexural isostatic deformation caused 

by sedimentary loads deposited offshore and the continental denudation experienced in 

the Middle US Atlantic Passive Margin. Their madel describe the uplift of the 

Appalachian Piedmont, as well as the subsidence of the Salisbury Embayment. This 

study was developed using data from stratigraphie sections and fluvial deposits of the 

coastal plain, Susquehanna River terraces profiles, offshore load volumes and 

denudation rates. With this data, there were simulations that show the effects of 

different values of flexural rigidity and the rate of erosion over the flexural 

deformation. With this in mind, the authors found the best simulation was the one 

which had a good correlation between the erosion rate (10 mm/My), the stratigraphie 

and the terrace data using an average elastic thickness of 40 km, for which it was 

obtained a flexural rigidity of 4x 1023 Nm. 

Finally, research conducted by Driscoll & Karner (1994) in the passive continental 

margin of South America studied the deformation caused by the sedimentary load 

(Amazon Fan) and the uplift generated onshore, which is associated with the peripheral 

bulge that can modify the lower part of river networks. The se au thors employed a 2-D 

elastic plate loading formulation that assumed an elastic thickness of 38 km for the 

Amazon delta. 
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There is significant motivation in carrying out this research because few studies have 

focused on studying the temporal evolution of flexure caused by the sedimentary load 

on the continental margin of South America. Sirnilarly, it is important to understand 

the change in the continent's topography over the Cenozoic (i .e. the past 65.5 My), in 

order to better understand geomorphological surface processes such as erosion, 

sediment transport, and river drainage that are strongly dependent on changes in 

topography. The Cenozoic era was characterized by episodes of major subduction­

driven crustal shortening along the western margin of South America ( e.g. Pearson et 

al. , 20 13), yi el ding substantial uplift of the central Andes that provides an important 

source for sediments that are ultimately deposited along the Atlantic margin. 

The work presented below is therefore focused on deterrnining the contribution to the 

topography of South America from flexural deformation caused by sediment 

accumulation on the continental shelves. This study will co ver ali the periods that make 

up the Cenozoic Era: Paleogene, Neogene and Quatemary (65.5 Ma- 0 Ma). 

In carrying out this study, we divided the continental margin of South America into 

four main areas: The Caribbean Zone, the Amazon Zone, the Brazil-Argentina Zone 

and the Scotia Zone. This admittedy informai division was motivated by the 

recognition that the dynarnics of sediment accumulation in these four areas IS 

dependent on different river basin discharges into each of these zones. Data on 

sediment accumulation in eacb zone have been taken from various sources, including: 

weil log infom1ation from drill cores obtained in the area by the Deep Sea Drilling 

Project (DSDP) and the Ocean Drilling Program (ODP), different publications, and 

especially the Total Sediment Thickness of the World's Oceans & Marginal Seas 

(Divins, 2003). In addition, sediment density data are taken from the Global Digital 

Map of Sediment Thickness on a 1 o x 1 o scale. (Laske & Masters, 1997). 
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The elastic flexure model is determined by solving the differentiai equations that 

describe and govern elastic deformation of a thin 2-D plate (e.g.Turcotte & Schubert, 

2002). These equations depend on flexural rigidity and, in tum, on the elastic thickness, 

the Young Modulus and the Poisson ratio. Flexural response is fow1d nwnerically 

using a spectral treatment of the equations that is based on spherical harmonies. To 

accomplish these calculations a set of algorithms created in FORTRAN (Formula 

Translating System) were developed. 

This thesis is presented in six chapters. Begiiming with the current, the introduction. 

The second chapter describes the methodology, which shows each of the steps involved 

in the calculation of flexure. A brief description of the theory of flexure, as well as the 

equations and calculations based on spherical harmonies are discussed in the third 

chapter. Finally, the results are analyzed and interpreted in the fourth chapter, which 

includes a presentation of the sediment thickness database, the algorithm to find flexure 

and the flexure maps by age. These results are discussed and compared to previous 

studies in the fifth chapter and the main conclusions are presented in the final , sixth 

chapter. 



CHAPTERII 

METHODOLOGY 

2.1 Database Construction 

This study began with a sem·ch for sediment thickness calibrated on the geological 

timescale. In arder to do so, data obtained from articles were compiled, in addition to 

information available on wells from the different campaign reports made by the Ocean 

Drilling Program (ODP) and the Deep Sea Drilling Project (DSDP). The data obtained 

were orgmùzed systematically in a table with the following parameters: age, latitude 

and longitude, tlùckness in meters, site, thickness from lùgh spatial resolution global 

sedimen database (Divins, 2003), relative thickness ( expressed as a percentage of total 

thickness), penetration and source. (See Appendix B). 

2.2 Development of Histograms 

Based on the compiled sediment thickness data, and using the thickness from high 

spatial resolution global sediment database (Divins, 2003), the percent accumulation 

of sediment, relative to total tlùckness was determined as a function oftin1e. Using this 

approach, histograms were concentrated showirig the variation of percent sediment 

thickness with geologie age. This procedure was adopted in arder to select the most 

representative thickness for each geological time period. A total of24 histograms were 
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developed for a better understanding and interpretation of the evolution of sediment 

thickness with age. 

Histograms were constructed for each of the zones comprised by the continental margin 

of South America: Zone I the Caribbean Zone, Zone II the Amazon, Zone III Brazil­

Argentina and Zone IV Scotia Sea (Figure 4.1 ). Six histograms were developed for 

each geological epoch: Quaternary (2.588 to present Ma), Pliocene (5.332 to 2.588 

Ma), Miocene (23.03 to 5.332 Ma), Oligocene (33.9 to 23.03 Ma) Eocene (55.8 to 33.9 

Ma) and Paleocene (65.5 to 55.8 Ma). 

2.3 Use ofFORTRAN 

All numerical work carried out in the course of this research was carried out using 

Fmtran (Formula Translating System), a high-level programming language designed 

for the development and calculation of mathematical and scientific applications. 

2.3 .1 Numerical algorithm to find sediment densities 

A Fortran code was written to take densities from a Global Digital Map of Sediment 

Thickness at a 1 °X1 o scale (Laske & Masters, 1997). This global map was originally 

developed using atlases and hand-made maps, as well as published high-resolution 

digital maps, such as the Map of the World provided by the Exxon research group 

(1985). The sediment densities as a function of depth were derived using the Ludwig, 

Nafe and Drake curves. (Ludwig et al. , 1970). In this global map of sediment thickness, 

the sediment density is parameterized on the basis of three layers: the first layer is 

between 0 and 2000 meters thick, the second layer is between 2000 and 4000 meters 
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thick and the third layer is for all sediment columns with thickness greater than 4000 

meters. 

The Fortran code is organized in terms of a geographical grid with input given by 

latitude and longitude in degrees. As a result, the code prints the sediment thickness 

of each of the layers, the density of each of the layers, the total sediment thickness and 

the average density for the point required. Each point on the grid has a value of specifie 

density. The values used for layer 1, layer 2 and layer 3 are 1500 Kg/m3, 2300 Kg/m3 

and 2545 Kg/m3 respectively. 

2.3.2 Algorithm to Find Sediment Load using the thickness from high spatial 

resolution Global sediment Database (Divins,2003) 

Based on the most representative percent thickness for each geological age (See Table 

2), obtained with the histograms, a Fortran code was created to extract the sediment 

thickness, as a function of age, from the global high-resolution data of Divins, (2003). 

The output file is the total sediment load for each geological epoch, on a 5' x5 ' 

resolution grid. 

2.3.3 Numerical Algorithm to Detemline Flexure 

Lithospheric flexme on the continental margin of South America is deterrnined by 

calculating the spherical harmorlic coefficients of the sedimentary loads in the different 

geological epoch from the Paleocene to the present. 
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The calculated time-dependent sediment loads are then used to calculate elastic flexure 

in spherical harmonies for the same geological periods, using the 2D extension of the 

equation of one-dimension flexure employed by Pazzaglia & Gardner (1994). 

The following numerical codes were created to implement the basic steps required· in 

the full flexure calculation: 

• A code to calcula te the spherical harmonie coefficients of the sediment loads 

distributed on a spatial grid. 

• A code to calculate the 2-D elastic flexure on a spherical surface in terms of a 

spectral representation of the flexure equation. (Using an elastic thickness of 40 

km and furthermore varying it to 80 km in the Pliocene and Quaternary ages) 

• A code to read the harmonie coefficients of elastic flexure and output a spatial 

grid with values distributed as a function of latitude and longitude. 

The elastic flexure code is presented in Appendix C. 

2. 3.4 Use ofGeneric Mapping Tool GMT 

The results output by the Fortran codes were graphically plotted by using the set of 

utilities of the GMT pro gram: a free open-source collection of programs created and 

developed by Wessel & Smith., (1995) 



CHAPTERIII 

ISOSTASY AND LITHOSPHERIC FLEXURE 

The earth is composed of a set of concentric layers that are defined either in terms of 

their composition and/or phase or in terms of the ir rheology. From the rheological 

standpoint, they consist of the lithosphere (crust and part of the mantle), the 

asthenosphere, the upper mantle and the lower mantle. 

The lithosphere is traditionally considered to be the outermost rheologicallayer of the 

eatih, with long-term elastic strength overlying a viscous layer called the asthenosphere 

(Barrel1914). The vertical balance of forces on the lithosphere gives rise to a condition 

of static equilibrium known as isostasy. 

3 .1 Isostasy 

Isostasy is a principle that rests on the fundamental assumption of the hydrostatic 

equilibrium of the mantle. To achieve this equilibrium there is a balance between 

surface loads (e.g. topography) and deflections of the crust-mantle botmdary and 

lithosphere such that at an equipotential surface such as in the compensation depth, the 

total pressure is everywhere constant. In practice, this requires that starting at the 

compensation depth, the mass of any vertical column above it is everywhere the same 



11 

independent of any lateral variations of densities and/or thickness in the overlying 

mantle and the crust. 

3 .1.1 Local Isostasy 

The first models of isostatic compensation were proposed by Aüy (1855) and Pratt 

(1855). These models were known as local compensation models. Airy's 

compensation model was based on the Archimedes princip le, where the surface of the 

earth ( crust) floats on a denser fluid substratum (asthenosphere). The thicker portions 

of the crust float higher than other thinner portions and they , in tu rn, have a 

correspondingly thicker root. These changes in crust thickness are necessary to 

maintain isostatic compensation (Figure 3.1a). Pratt's compensation mode! (1855) 

suggests that topography is produced by blocks of crust that have lateral variations in 

density, which ali end at the same depth of the compensation. (Figure 3.1 b) 

a 

Figure 3.1 

Alry-Helskanen 

Depth of compensation 

Sea-level 

Thin 
crus! 

Pratt·Hayford 

b Deplh of compensation 

Local Compensation Models. (Taken from Gupta H. K. 2011) 
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The above local compensation models do not take into account rigidity (i.e. finite long­

term strength) or lateral strain variations. The inclusion of fmite rigidity leads to the 

concept of regional flexural isostasy model. In this flexural isostatic compensation the 

regional flexure is proportional to lithospheric rigidity and the size of the load. 

3 .1.2 Regional Flexmal Isostasy 

The first regional compensation model was described by Vening Meinesz (1939), who 

proposed-that the crust and lithosphere behave like an elastic layer that flexes under the 

application of a smface load, giving ri se to regional compensation. (Watts 200 1 ). 

(Figme 3.2) 

Sirnilarly, theoretical treatments such as those developed by Turcotte & Schubert 

(2002) and .Watts (2001) show that flexure may be modeled considering a system of 

forces or loads applied vertically on a thin elastic plate. These forces arise from a 

variety of surface loads, su ch as the accumulation of sediments, volcanoes, seamounts, 

ice and intrusions, cause vertical deflections of the sol id sm face . 

Ven ing M e ine sz 

Bu Ige Bu Ige 

T --­e Moha -- _ 

c B uoya ncy forces 

Figure 3.2 Lithospheric flexure caused by surface loads. (Taken from Gupta 

H. K. 2011) 



13 

lt is important to add that these flexrne models may be developed on the oceanic 

lithosphere and the continental lithosphere. On one band, the flexrne caused by the 

Joad on the oceanic lithosphere will be filled either with water or sediment (Figrne 3.3a) 

and the fill material is Jess dense than the density of the lithospheric mantle it is 

replacing. On the other band, the flexrne caused by the Joad on the continental 

lithosphere will be filled by sediments from the crust. (Figrne 3.3b) 

Fluid mant le Pm Fluid mantle p.., 

(a) (b) 

Figure 3.3 Models for calculating the hydrostatic restoring force on 

lithospheric plates deflected by an applied Joad qa. (a) Oceanic Case. (b) Continental 

case. (Taken from Turcotte & Schubert, 2002). 

According to Turcotte & Schubert (2002), the equation that describes lithospheric 

flexrne in 2-D coordinate system is expressed as follows: 

(3. 1) 



Where, 

x: horizontal distance from the Joad to a point on the surface of the plate 

8: vertical deflection of the plate that varies with x 

D: Flexural rigidity 

P: Horizontal stresses 

pm: density ofthe mantle. 

ps: density of the sediments, or other infill material. 

g: acceleration of gravity. 

qa: load applied on the lithosphere. 
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Horizontal stress P (here assumed constant) in the elastic plate gives rise to buckling if 

the elastic thickness is sufficiently small (Turcotte & Schubert, 2002). In general, 

however, the elastic thickness of the lithosphere is sufficiently large that the horizontal 

stress P has a small influence on the bending behavior (Turcotte & Schubert, 2002). 

For this reason, in the following calculations, it is assumed that P=O. In addition, the 

restorative hydrostatic force that compensates for the applied Joad was taken into 

consideration, by the 3rd term on the left-hand si de of (3 .1 ). 

Finally, the equation of2-D lithospheric flexure is governed by the following: 

Where the first term of the equation represents elastic deformation and is proportional 

to the flexural rigidity of the plate. D detemlines the degree to which the elastic plate 

supports the load. When applying a load on a thin elastic plate, the flexure is greater 

than when the load is applied to a thicker plate with greater elastic rigidity. 
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The expression that relates flexural rigidity to elastic thickness is: 

Eh3 

D = 12(1 - vZ) (3. 3) 

Where E is the Young Modul':ls, v is the Poisson Ratio and h is elastic thickness. 

In this study, a thin plate with elastic rheology is considered, which assumes that the 

flexure stresses are distributed linearly with depth and when the load is removed, the 

original state is recovered. One of the impo1iant characteristics of elastic flexure that 

are relevant to this study is that, with increasing distance from the load, flexure 

decreases and then changes sign, giving rise to an uplift known as forebulge. 

3.1.3 2-D Lithospheric Flexure on a Sphere 

We may rewrite the 1-D equation (3.2) describing elastic flexure as follows: 

(3.4) 

in which we again assumed that lithospheric flexure o occurs under a water layer, thus 

generating an upward hydrostatic restoring force g(pm - Pw )o, and the applied downward 

load qa(x) = g(p5 - Pw )S is due to sediments that have accumulated to a thickness S. 
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The equation governing the elastic deformation of a spherical shell is more complex 

owing to the surface curvature ( e.g. Kraus 1967, Beuthe 2008). A major simplification 

is obtained by assuming the "thin shell" approximation which applies when the 

thickness h of the shell is much less than the radius R of the sphere (typically h/R < 

0.1) and wh en the wavelength À of the load applied to the shell is mu ch larger than the 

shell thickness. The latter condition implies that À > 3h (Beuthe 2008); although in 

practice this condition is not important for the determination of displacements 8 since 

they become small at small wavelengths (i.e. the rigidity ofthe shell entirely supports 

small-wavelength loads). 

One further simplification is obtained from the "flat Earth" approximation which is 

valid wh en the wavelength À of the load is small compared with the radius R ( e.g. 

Turcotte 1979). In the latter lirnit the corresponding "flat Eruih" flexure equation for a 

2-D spherical surface reduces to the following expression (Turcotte 1979): 

(3.5) 

Where .t.h is the horizontal Laplace operator (see Appendix A): 

tl f = _ 1_ ~ (sin e a 1) + 1 az t 
h r 2 sine ae ae r 2 sin 2 e acp 2 (3.6) 

We will employ equation (3.5) in all the sediment-induced flexure calculations 

presented below. One complication we must deal with in finding solutions to equation 

(3.5) arises from the recognition that the density of marine sediments ps increases with 

depth owing to pressure-induced compaction and decreased porosity (e.g. Nafe & 

Drake 1957). The density profile in any given sediment colurnn must therefore also 

vary laterally because of changing water depths and changes in total sediment 

thickness: 
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Ps = Ps (z, e, q;) (3.7) 

Where z is the depth in the sediment colwnn and (8, <p) are the geographical 

coordinates. In the calculations presented below, we employ the sediment-density 

profiles compiled by Laske & Masters (1997). 

The sediment thickness S is, of course, a function of geographie position ( (}, <p) and it 

also depends (as discussed in detail in section 4) on the period oftime over which the 

sediments have accumulated. Denoting this time span, from some time in the 

geological past to the present, by the variable t, we may write: 

S= S(t,8,q;) (3.8) 

By virtue of the dependence of sediment density and sediment thickness on position, 

space and time in expressions (3.7) & (3.8), the following time-dependent "Joad 

function" L may be defined: 

L(t,e,q;) = f:(t ,e,qJ) [p
5 

(z,e,q;)- Pw] dz (3 .9) 

For the purpose of subsequent numerical calculations, it is useful to employ a 

normalized Joad function that is defmed as follows: 

L(t, e, q;) = (Pm - Pw )-l L(t, e, q;) (3 .1 0) 

With this time-dependent load :function we rewrite the loading term on the right-hand 

side of equation (3.5)- which is only valid if sediment density does not vary with depth 

- fmally yielding: 
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Expression (3.11) is the governing equation for sediment-induced lithospheric flexure 

that is employed in all calculations presented below. 

3 .1.4 Spherical Harmonie Sou ti ons of the 2-D Flexure 

In this study, we extensively exploit the properties of spherical harmonies described in 

Appendix A to employ the following forward and inverse harmonie representation of 

functions on a sphere: 

00 1 

J(B,q;)= I I /,/11 ~Ill (B,q;) 
1=0 m=-1 

Where J;n are the complex spherical harmonie coefficients of the bounded continuous 

function/(B,~. 

Employing the above expression and using the 5min x 5min geographie grid of the 

sedimentary thickness for each geological epoch, the spherical harmonie coefficients 

A 

of the sedimentary load L(B,(jJ) (where we have omitted the dependence on time t for 

notational convenience) are determined as follows: 
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(3.12) 

In practice, the coefficients L ;"are determined to maximum harmonie degree 

Lmax=2000, corresponding to the spatial resolution of the data. 

We begin by expressing both the normalized sediment load and lithospheric flexure in 

terms of spherical harmonies, as follows: 

A Lmu / 

L(B,t/J)= L L L7 Y/n(B,t/J) (3 .13) 
1=0 m=- 1 

Lmax l 

5(B,r/J)= I I 5/n ~m(e,rjJ) (3.14) 
1=0 m=-l 

Where Lmax= 2000. By substituting the spherical harmonie expansions (3 .13) and 

(3 .14) into the equation for lithospheric flexure (Equation 3.11 ), we obtain: 

(3.15) 
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[ Are22 ]2 ~~~~ = [-l(l7.e+2 1)J 2 ~m Where the surface Laplacian operator is equal to _ . _ (3 ' 16) 

By substituting Equation (3 .16) in Equation (3 .15), we get: 

(3 .17) 

Since the above expression is valid everywhere on the spherical surface, for any 

combination of 1 and m, we conclude that 

(3 .18) 

Finally, we obtain the following expression for the harmonie coefficients of elastic 

flexure, 6 ;n in terms of tho se for the sediments loads: 

8111 = + E" 1 j 1 1 (3 .19) 

Where ft is the wavelength-dependent elastic filter function that describes how the 

fmite elastic strength of the lithosphere reduces the topography relative to that 
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calculated assuming pure isostasy. This filter function is given by the following 

mathematical expression: 

ft = [1 + ! 2 (l + 1 y fJ] 
1 

(3.20) 

Where the parameter fJ is defined to be: 

(3.21) 

The fJ parameter is a messure of the non-dimensional natural elastic wavelength for 

the flexure of the lithosphere (Turcotte & Schubert, 2002): 

j3 = ( Â,elastic J
4 

27r re 
(3.22) 

Where, 

[ 
D ] ){ 

Â elastic = 21r ( _ ) 
Pm Pw g 

(3 .23) 

It is imp01tant to emphasize th at the above equations (3 .13), (3 .14 ), (3 .19)-(3 .23) are calculated 

numerically by the different FORTRAN codes outlined above in section 2-3-2 (see the 

Appendices for details). 



CHAPTERIV 

RESULTS 

4.1 Database 

For our study, we focussed on the sediment thicknesses deposited during the Cenozoic 

era, comprising the Paleogene, Neogene and Quaternary Periods, that is to say, from 

65.5 million years ago to the present day . The sediment thickness data were taken from 

reports as well as biostratigraphic and stratigraphie colurnns based on cores obtained 

from the different campaigns of the Ocean Drilling Progran1 (ODP) and Deep Sea 

Drilling Project (DSDP). 

For the purpose of subsequent interpretations, we divided the sediment compilations 

into four main areas, whose geographie definition is shown in Figure 4.1: Zone I, 

Caribbean; Zone II, Amazon; Zone III, Brazil-Argentina, Zone IV, Scotia. The data 

we assembled consists of the fo llowing elements: age, latitude, longitude, sediment 

thickness, site, thickness from high spatial resolution global sediment database (Divins, 

2003), percent sediment thickness with respect to the global high-resolution database 

oftotal thickness (Divins 2003), and source (see Appendix B). 
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Figure 4.1 Location of four sediments deposition zones (I to IV) and the sites 

of wells utilized in di fferent campaigns of the Ocean Dri ll ing Progran1 (ODP) and 

Deep Sea Drilling Project (DSDP). 
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4.2 Histograms 

The total sediment thicknesses data we employ is extracted from previous studies, such 

as those conducted by Divins (2003). This database contains 5-minute resolution data 

for oceans and continental shelves. It was developed by the National Geophysical Data 

Center (NGDC), Marine Geology & Geophysics Division and was compiled from 

previous publications, isopach maps, drilling results, seismic reflection profiles and 

seismic data. 

The global 5-minute sediment thickness data and the sediment thickness we compiled 

from ocean drilling data were compared. This comparison revealed sorne significant 

differences, where the thickness from local drill data was on average smaller than that 

given by global data. 

In attempting to understand the origin of these differences, we must in the first place 

recognize that the sediment thickness in the global database come from different 

sources (isopach maps, seismic data, and different drilling campaigns) without taking 

into account the geologie ages. On the other hand, in the present investigation, we 

employ the data of drilling campaigns because the sediment thickness is calibrated on 

the geological time scale, which is of great importance for this research. A second 

issue to be considered, is the fraction of the total sediment colunm that is recovered by 

the drill cores, particularly when the deepest strata in the column are not sampled, thus 

leading to an incomplete age calibration. In this regard, we note that the maximum age 

horizon sampled by the drill-core data that we assembled corresponds to the 

Cretaceous. In contrast, the global high-resolution database, which extends down to the 
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acoustic basem·ent, represents a much greater time span that dates back to the time of 

rifting between South America and Africa. 

The combination of global data and drill -core data were used to quantify accumulation 

of sediments as a function of time. The database (Appendix B) shows the sediment 

thickness, expressed as a fraction (percent) of total thickness, classified by age. Six 

histograms were developed for each zone, one per age interval, with percent thickness 

represented on the x-axis (horizontal) and frequency (i.e. number of samples) are on 

the y-axis (vertical). 

The most representative percentage was selected from each histogram for each age 

interval (See Table 4.1 ). The absolute thickness as a function of age was subsequently 

determined using the 5-rninute-resolution total thickness database to obtain the 

sedimentary load to be used to fmd flexure. 

In the following, we summarize the histograms for each of four zones: 

4.2.1 Zone 1: The Caribbean 

The geographie area encompassed by Zone 1, the Caribbean Zone, is shown in Figure 

4.1. 
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4.2.1.1 Histogram of the percent sediment thickness in the Quatemary (2.588 to present 

Ma) 

Quaternary Age, Zone 1 

"' 
~ 4 +-------
'-
0 

b 2 +-------
-"' 
E z 0 _.__ _____ _ 

(%) Percentage of total sediment thickness 

(3%) 

Figure 4.2 Histogram of the percent sediment thickness in the Quaternary. 

Zone I 

Figure 4.2 shows the histogram of the percent sediment thickness for the Quaternary. 

This histogram shows an L-shaped distribution, where we can clearly distinguish the 

freguency of the percent sediment thickness from 0-5% compared to the next interval 

of 5-l 0%. The percentage with the highest freguency (or probability) is between 0 and 

5%. We therefore selected this interval and simply employ the mean value of 3% 

assuming a rounding to the next-highest whole value. 

4.2.1.2 Histogram of the percent sediment thickness in the Pliocene (5.332 to 2.588 

Ma) 

Pliocene Age, Zone 1 (4%) 
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Figure 4.3 Histogram of the percent sediment thickness in the Pliocene. Zone J 



27 

Figure 4 .3 shows the lustogram of the percent sediment thickness for the Pliocene. This 

histogram has an elongated L-shaped distribution, where the interval with the rughest 

frequency is from 0 to 5%. We thus select this interval , but also take into accow1t the 

nearly equivalent frequency of the next rughest interval, leading us to choose 4% as the 

value of the maximwn frequency thickness. 

4.2.1.3 Histogram of the percent sediment thickness in the Miocene (23.02 to 5.332 

Ma) 

(13%) 
Miocene Age, Zone 1 

0-5 5-10 10-15 15-20 20-25 
(%) Percentage of tota l sediment t hickness 

Figure 4.4 Histogram of the percent sediment truckness in the Miocene. Zone I 

Figure 4.4 shows the rustogram of the sediment truckness for the Miocene. This 

histogram has a nearly symmetric distribution, where two intervals have the same 

frequency: from 5 to 10% and from 10 to 15%. In trus case, we selected the most 

probable thickness by also considering the penetration depth of the wells. The greatest 

core penetration depth corresponds to well data in the 10 to 15% interval and we thus 

select a most probable mean value of 13% tluckness . 
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4.2. 1.4 Histogram of the percent sediment thickness in the Oligocene (33.9 to 23.03 

Ma) 
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Figure 4.5 Histogram of the percent sediment thickness in the Oligocene. Zone I 

Figure 4.5 shows the histogram of the percent sediment thickness for the Oligocene. 

This histogram has an L-shaped distribution, with the highest frequency in the interval 

from 0 to 5%. In thi s case we again select a value of 3% for the maximum-frequency 

thickness. 

4.2. 1.5 Histogram of the percent sediment thickness in the Eocene (55. 8 to 33.9 Ma) 
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Figure 4.6 Histogran1 of the percent sediment thickness in the Eocene. Zone I 
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Figure 4.6 shows the histogram of the sediment thickness percentage for the Eocene. 

This histogram hasan elongated L-shaped distribution, where the intervals 0-5% and 

10-15% have the highest :frequency. As in the case of the Pliocene (ab ove), we select 

the interval 0-5% but recognizing that the interval from 10-15% has nearly the same 

frequency, we select a value of 5% for the thickness. 

4.2.1.6 Histogram of the percent sediment thickness in the Paleocene (65.5 to 55.8 Ma) 

Paleocene Age, Zone 1 
(3%) 

0-5 
(%) Percentage of total sed iment thickness 

Figure 4.7 Histogram of the percent sediment thick:ness in the Paleocene. Zone I 

Figure 4.7 shows the histogram of the percent sediment thickness for the Paleocene. 

For which there is just one interval from 0 to 5%. We th us select a value of 3% for the 

maximum - probability sediment thickness. 

In summary, for the Caribbean region, the geological period with the greatest sediment 

accumulation (13%) is the Miocene and we find, on average, that 31% of the total 

thick:ness of sediments in this region was deposited during the Cenozoic. 
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4.2.2 Zone II: The Arnazon 

The geographie area encompassed by Zone II, the Amazon Zone, is shown in Figure 

4.1. 

4.2.2.1 Histogram of the percent sediment thickness in the Quatemary (2.588 to present 

Ma) 

Quaternary Age, Zone II 
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Figure 4.8 Histogram of the percent sediment percentage in the Quaternary. 

Zone II 

Figure 4.8 shows the histogram of the percent sediment thickness for the Quaternary. 

This histogram has a strongly skewed distribution and the interval with the highest 

frequency is between 5 and 10%. We thus selected the maximum probability value of 

7% for sediment thickness in this period (where we rotmded down, in recognition of 

the skewness). 
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4.2.2.2 Histogram of the percent sediment thickness in the Pliocene (5.332 to 2.588 

Ma) 

Pliocene Age, Zone II 
(12%) 
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Figure 4.9 Histogram of the percent sediment thickness in the Pliocene. Zone II 

Figure 4.9 shows the histogram of the percent sediment thickness for the Pliocene. This 

histogram has a skewed distribution in the shape of an asymmetric bell. The interval 

with the highest frequency is between 10 and 15%. We thus adopt a value of 12% 

(row1ded down, owing to the skewness) for the maximum likelihood sediment 

thickness 

4.2.2.3 Histogram of the percent sediment thickness in the Miocene (23 .02 to 5.332 

Ma) 
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Figure 4.10 Histogram of the percent sediment thickness in the Miocene. Zone II 

Figure 4.10 shows the histogram of the percent sediment thickness for the Miocene. 

This histogram has a distribution in the shape of an asymmetric bell and it is skewed 

towards higher thicknesses. We note that 0-5%, 10-15% and 15-20% have the hjghest 

frequency. The maximwn probability thickness lies in the range 10-15% and owing to 

the skewness to higher values, we adopta mean value of 13% for the Miocene. 

4.2.2.4 Histogram of the percent sediment thickness in the Oligocene (33.9 to 23.03 

Ma) 
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Figure 4.11 Histogram of the percent sediment thickness in the Oligocene. Zone 

II 

Figure 4.11 shows the histogram of the percent sediment thickness for the Oligocene. 

This histogram has an elongated L-shaped distribution, showing a high variabili ty of 

thicknesses, where the intervals 0-5% and 25-30% have the highest frequency. The 

peak frequency is in the interval 0-5% and we thus adopta mean thickness of 3% for 

the 01igocene. 
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4.2.2.5 Histograrn of the percent sediment truckness in the Eocene (55 .8 to 33.9 Ma) 

Eocene Age, Zone II (3%) 
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Figure 4.12 Histograrn of the percent sediment thickness in the Eocene. Zone II 

Figure 4.12 shows the histograrn of the sediment thickness percentage for the Eocene. 

This histogram also bas an elongated L-shaped distribution, but is clearly dominated 

by thicknesses in the interval 0-5%. We thus select a value of 3% (rounded up, owing 

to the skewness to higher values) as the mean thickness of the Eocene. 

4.2.2.6 Histograrn of the percent sediment thickness in the Paleocene (65.5 to 55.8 Ma) 
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Figure 4.13 Histogram of the percent sediment thickness in the Paleocene. 

Zone II 
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Figure 4.13 shows the histogram of the percent sediment thickness for the Paleocene. 

We find one thickness interval in the range 0-5%. We thus adopta median sediment 

thickness of 2.5%. 

4.2.3 Zone III: Argentina-Brazi l 

The geographie area encompassed by Zone III, the south-Atlantic margin of the 

continent that we cali the Argentina-Brazil Zone is shown in Figure 4.1. 

4.2.3.1 Histogram of the percent sediment thickness in the Quatemary (2.588 to present 

Ma) 
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Figure 4.14 Histogram of the percent sediment thickness in the Quaternary. 

Zone III 
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Figure 4.14 shows the histogram of the percent sediment thickness fo r the Quaternary. 

This histogram has a very slight L-shaped distribution, mainly dominated by thickness 

in the range 0 to 5%. We thus adopt a value of 2.5% for the mean thickness in the 

Quaternary. 

4.2.3.2 Histogran1 of the percent sediment thickness in the Pliocene (5.332 to 2.588 

Ma) 
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Figure 4.15 Histogram of the percent sediment thickness in the Pliocene. Zone 

III 

Figure 4.15 shows the histogram of the percent sediment thickness fo r the Pliocene. 

This histogram has a skewed J-shaped distribution, where the percentage with the 

highest frequency is the interval from 5 to 10%. We thus adopta maximum likelihood 

thickness of 7% (rotmded down, owing to the skewness of the distribution) for the 

Pliocene. 
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4.2.3.3 Histogram of the percent sediment thickness in the Miocene (23.02 to 5.332 

Ma) 
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Figure 4.16 Histogram of the percent sediment thickness in the Miocene. Zone 

III. DSDP: Deep Sea Drilling Project (Perch-Nielsen et al. , (1977b, c, d, e), Baker et 

al. , (1983a,b ), Maxwell et al. , (1970)), Samar Dx-1 and PIA (PIA: Intersection Point 

A represents the clos est site along seismjc line BGR87 -1 to the oil drilling where the 

lithological contacts were extended). (Violante et al. , 2010). Santos, Can1pos and 

Pelotas basin (Contreras et al. , 20 1 0) 

Figure 4.16 shows the histogram of the percent sediment tlùckness for the Miocene. 

This histogram bas a distribution in the shape of an asymmetric bell. There is a wide 

range of thicknesses varying from 5% to 3 5-40%. The most probable thicknesses are 

in the range 15-20% and 20-25%, with highest frequency in 20-25%. We thus select 

22% (rounded down, owing to the skewness) as the representative percent thickness 

for Miocene. 
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4.2.3.4 Histogram of the percent sediment thickness in the Oligocene (33.9 to 23.03 

Ma) 
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Figure 4.17 Histogram of the percent sediment thickness in the Oligocene. Zone 

III .DSDP: Deep Sea Drilling Project (Perch-Nielsen et al. , (1977d, e), Baker et al. , 

(1983a, b ), Maxwell et al. , (1970)) Weil Samar Dx-1 (Violante et al. , 201 0). Santos, 

Campos and Pelotas Basin (Contreras et al. , 201 0) 

Figure 4.17 shows the histogram of the percent sediment thickness for the 01igocene. 

This histogram has a distribution in the shape that roughly approximates an asymmetric 

bell but with considerable scatter of values. There is again a wide range ofthicknesses, 

ranging from 0-5% to 45-50%. The interval with the highest frequency is between 15 

and 20%. We thus select a mean percent sediment thickness of 17% (rounded dawn, 

owing to the skewness) for the Oligocene. 
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4.2.3.5 Histogram of the percent sediment thickness in the Eocene (55.8 to 33.9 Ma) 

Eocene Age, Zone III (17%) 
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Figure 4.18 Histogram of the percent sediment thickness in the Eocene. Zone III. 

DSDP: Deep Sea Drilling Project (Perch-Nielsen et al. , (1977b,c,d,e), Baker et al. , 

(1983a b) ), Weil Samar Dx-1 and PIA ( PIA: Intersection Point A represents the 

closest site along seismic line BGR87-1 to the oïl drilling where the lithological 

contacts were extended). (Violante et al., 201 0). Santos, Campos and Pelotas basin 

(Contreras et al., 201 0) 

Figure 4.18 shows the histogram of the percent sediment thickness for the Eocene. This 

histogram shows a bimodal distribution, since it has two peaks (intervals 0-5% and 45-

50%). Due to the variability ofthicknesses ranging from 0-5% to 60-65%, we selected 

an interval corresponding to the median of this highly irregular distribution. We 

therefore selected the interval 15-20% and bence a median value of 17% for the percent 

thickness in the Eocene. 
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4.2.3.6 Histogram ofthe percent sediment thickness in the Paleocene (65 .5 to 55.8 Ma) 
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Figure 4.19 Histogram of the percent sediment thickness in the Paleocene. Zone 

III. DSDP: Deep Sea Drilling Project (Perch- ielsen et al. , (1977b,c,d,e), Baker et 

al. , (1983b)), Samar Dx-1 and PIA (PIA: Intersection Point A represents the closest 

site along seismic line BGR87-1 to the oil drilling where the lithological contacts 

were extended). (Violante et al. , 201 0). Santos and Campos basin (Contreras et al. , 

201 0) 

Figure 4.19 shows the histogran1 of the percent sediment thickness for the Paleocene. 

This histogram has a distribution in the shape of an asymmetric bell. The thickness 

interval with maximum frequency is between 5 and 10%. We th us selected a mean 

sediment thickness of 7% (row1ded down, owing to the asymmetry of the distribution) 
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In summary, we find th at the peak sediment accumulations occur during the Miocene 

to Eocene periods, inclusively, and account for a sum total of about 56% of total 

sediment thickness in Zone III. 

4.2.4 Zone IV: Scotia 

The geographie area encompassed by Zone IV, the Scotia Zone, is shown in Figure 4.1. 

4.2.4.1 Histogran1 of the percent sediment thickness in the Quaternary (2.588 to present 

Ma) 

(2.5%) 
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Figure 4.20 Histogram of the percent sediment thickness in the Qua te mary. 

Zone IV 
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Figure 4.20 shows the histogram of the sediment thickness percentage for the 

Quaternary. There is just one interval, 0 to 5% and we thus select a mean sediment 

thickness of 2.5%. 

4.2.4.2 Histogram of the percent sediment thickness in the Pliocene (5.332 to 2.588 

Ma) 
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Figure 4.21 Histogram of the percent sediment thickness in the Pliocene. Zone 

IV 

Figure 4.21 shows the histogram of the percent sediment thickness for the Pliocene. 

This histogram has an L-shaped distribution and the thickness with the highest 

frequency is between 0 and 5%. We thus select a sample mean value (owing to the 

limited number of wells) of 4% thickness for the Pliocene. 
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4.2.4 .3 Histogram of the percent sediment thickness in the Miocene (23.02 to 5.332 

Ma) 
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Figure 4.22 Histogram of the percent sediment truckness in the Miocene. Zone 

IV 

Figure 4.22 shows the lustogram of the percent sediment thickness for the Miocene 

Age. Trus mstogram has an extended L-shaped distribution with thicknesses ranging 

from 0-5% to 15-20%. Owing to the linuted number of samples, and the dispersion, 

we select a median value of 5%. 

4.2.4.4 Histogram of the percent sediment thickness percentage in the Oligocene (33.9 

to 23.03 Ma) 
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Figure 4.23 Histogram of the percent sediment thickness in the Oligocene. Zone 

IV 

Figure 4.23 shows the histogram of the percent sediment thickness for the Oligocene. 

This histogram has an extended and dispersed L-shaped distribution, with wide 

variation. The percentage with the highest frequency is between 0 and 5%, but owing 

to the extended and dispersed range of values we select a median thickness of 5% for 

the Oligocene. 

4.2.4.5 Histogram of the percent sediment thickness in the Eocene (55.8 to 33.9 Ma) 
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Histogram of the percent sediment thickness in the Eocene. Zone IV 

Figure 4.24 shows the histogram of the percent sediment thickness for the Eocene. This 

histogram has a dispersed, asymmetric bell shape ranging from 0-5% to 30-35%. The 
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interval with the highest frequency is between 5 and 10% but owing to the limüed 

sampling and dispersion, we select an approximate median value of 8% for the Eocene. 

4.2.4.6 Histogram of the percent sediment thickness in the Paleocene (65 .5 to 55.8 Ma) 

Paleocene Age, Zone IV 
(5%) 

(%) Percentage of total sediment thickness 

Figure 4.25 Histogran1 of percent sediment thickness in the Paleocene. Zone IV. 

Figure 4.25 shows the histogran1 of the percent sediment thickness for the Paleocene. 

This histogran1 has a dispersed L-shaped distribution, showing a range of thickness 

extending from 0-5% to 15-20%. The interval with the highest frequency is between 0 

and 5%, but owing to the dispersion, we selected a median value of 5%. 

In summary, the Scotia region shows 1 ittle variation in percent accumulations across 

the periods that span the Cenozoic and we find a total relative accumulation of almost 

30% over this time interval. 



Table 4.1 Summary of the Percent Sediment Thicknesses Accumulated in the 

Cenozoic. This table shows the percentages of sediment accumulated for the four 

areas in which the South American continent was divided (Zone I, Zone II, Zone III 

and Zone IV) into the Cenozoic . The percentages were taken from the histograms 

made to each area. The selected percentage was the percentage that was taken from 

the global database ofhigh resolution for each age. (Divins, 2003) 

Zone Age Percentage range Percentage selected 

Quaternary 0-5% 3% 
Pliocene 0-5% 4% 
Miocene 10-15% 13% 

I. Caribbean Oligocene 0-5% 3% 
Eocene 0-5% 5% 
Paleocene 0-5% 3% 
Tota l 31% 
Quaternary 5- 10% 7% 
Pliocene 10-15% 12% 
Miocene 10-15% 13% 

li . Amazon O ligocene 0-5% 3% 
Eocene 0-5% 3% 
Paleocene 0-5% 2.50% 
Total 40.5% 
Quaternary 0-5% 2.50% 
Pliocene 5- 10% 7% 
Miocene 20-25% 22% 

IIJ. Argentina-Brazi l Oligocene 15-20% 17% 
Eocene 15-20% 17% 
Paleocene 5-10% 7% 
Total 72.5% 
Quaternary 0-5% 2.50% 
Pliocene 0-5% 4% 
Miocene 0-5% 5% 

IV. Scotia Oligocene 0-5% 5% 
Eocene 5-10% 8% 
Paleocene 0-5% 5% 
Total 29.5% 
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4.3 Lithospheric Flexure 

4.3.1 Numerical calculation ofLithospheric Flexure 

Elastic flexure, represented in te1ms of spherical harmonies, on the continental shelves 

of South America was calculated of the normalized sediment load L ~· (equation 3.1 0) 

and by determining the harmonie coefficients of flexure based on Equation (3.19). In 

order to calculate the ft in Equation (3.20). We first had to find flexural rigidity D 

using Equation (3 .3). Data such as the Young modulus, effective elastic thickness and 

the Poisson ratio, were taken from Pazzaglia & Gardner (1994), using values of 70x109 

Pa, 40 Km and 0.25 respectively. (Table 4.2). Replacing the above values in Equation 

(3.3) yields a flexural rigidity value of3.98X1023 Nm. 

We emphasize that in the calculation of the sediment loading we actually employ the 

depth- dependence of sediment density extracted from the global 1 o x 1 o compilation 

by Laske & Masters (1997). This depth-dependence is taken into account in the 

numerical calculation of the normalized sediment Joad in equations (3.9) and (3.10). 

Using this flexural rigidity and water density (1000 Kg/m3) and mantle density (3300 

Kg/m3) (Table 2) in Equation (3 .21 ), yields a fJ value of 1.12x 1 o-os for an elastic 

thickness of 40 Km. The fJ value is substituted in Equation (3 .20), yields a ft value 

of5.57x1o-6. 

Finally, the spherical harmonie coefficients of flexure are obtained by replacing the 

above results in Equation (3.19). (Assuming an elastic thickness of 40 km). These 

harmonie coefficients are calculated up to maximum degree l =2000, corresponding to 



47 

a spatial resolution of 5min x 5 min for each of the geological periods studied 

(Paleocene - Quaternary) 

The spatial 5minx5min grid of flexure is calculated by the harmonie coefficients 0 ,m 

employing equation (3 .14 ). All the maps were created using the tools from the GMT 

program. The Fortran code employed for the flexure calculations is presented in 

Appendix C. 

Table 4.2 Parameters used to calculate flexure 

Parameters Symbols Values Units 

Flexural 
D 

Rigidity 
3 98 1023 

' 
Nm 

Young's 
E 70x109* Pa 

modulus 

Elastic 
h 40 * km 

Thickness 

Poissons's ratio v 0.25* 

Earth ra di us re 6371 km 

Mantle density pm 3300 kg/m3 

Water density pw 1000 kg/m3 

*Taken from Pazzaglia & Gardner 1994 
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4.4 Cumulative Flexural Response as a Fw1ction ofTime 

Figures 4.27, 4.28, 4.65, 4.66, 4.67, 4.68 4.69 and 4.70 show the maps of the flexural 

response caused by the weight of the offshore sedimentary load along the entire margin 

of South America. Flexure was found by using an effective elastic thickness of 40 kn1 

and, in some cases ( discussed in the next section) we employed an elastic thickness of 

80 km (Figures 4.26 and 4.63), up to a maximum harmonie degree of2000. 

In the following, we will first present a discussion of the sediment-induce flexural 

depression on the off-shore continental margins, followed by a discussion of uplift on 

land. The discussion below will focus on the flexural response at a number of 

representative offshore points that are shown in the map of figure 4.26. 

4.4.1 Flexural Response of the Lithosphere during the Quaternary (0-2.588 million 

years) 

In the following discussion, we explore the predicted flexural response between the 

present and 2.588 million years ago for an elastic thickness of 40 km and 80 km, which 

is illustrated in the maps of Figures 4.27 and 4.28, respectively. 

To test the possibility of an effectively greater elastic thickness for loads applied over 

relatively short (<10 My) time spans (e.g. Watts & Zhong, 2000), owing to the 

viscoelasticity of the lithosphere, we explored the flexural response of an 80-km thick 

elastic lithosphere in addition to 40 km. Both thicknesses were included for the 

sediment loading calculations in the Quaternary and the Pliocene. In this regard we 
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note that the effective elastic thickness found in the estimations of the seismic thickness 

(Nishimura & Forsyth, 1989) is between 70-110 km. In accord with the value of 80 

km we also employ here an elastic thickness of 80 km, was also used to model the 

variations of the forebulge that the continent experienced during 5.332 - 0 million 

years. This elastic thickness value was taken into account, following research from 

Pérez-Gussinye et al. , (2007). The authors generated a map of elastic thickness (Te) 

of South America using satellite data (GRACE and CHAMP mission) and tenestrial 

gravity data (EGM96 and SAGP), also the multitaper Bouguer coherence technique. 

Concluding that, in the platform, the elastic thickness values are generally high (> 70 

km). 
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Sediment Flexure, Quaternary (H=40km, L=1-2000) 
- 85· - 8o· - 75 · - 7o · - 65· - 6o· - 55· - 5o· - 45· - 4o· - 35· - 3o· - 25 . 

20 . 

15. 

1 o· 

5. 

o· 

- 5· 

- 1 o· 

- 15. 

- 20 . 

- 25 . 

- 3o· 

- 35. 

- 40 . 

- 45 . 

- so · 1 

1 - 55. 

- 60 . 

- 30 - 24 - 18 - 12 - 6 0 6 12 18 24 

metres 

51 

30 

Figure 4.27 Map of total Flexural Re ponse due to sediment loads accumulated 

since the Quaternary (2.588-0 million years) for an effective elastic thi ck.ness of 40 

km and a maximum harmonie degree of2000. Negative values indicate flexural 

depre sion and positive values indicate forebulge or uplift. 



Sediment Flexure, Quaternary (H=80km, L=1-2000) 
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3a 

Figure 4.28 Map of total Flexural Response due to sediment loads accumulated 

since the Quatemary (2 .588-0 mill ion years) for an effective elastic thickness of 80 

km and a maximw11 harmonie degree of 2000 
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In the following we present the results of our flexural calculations along the offshore 

margins in each of the four geographie zones (Figure 4.1). The discussion will 

primarily focus on the flexural response at a number of selected offshore points, shown 

in Figure 4.26, via a graphical representation of flexure versus time: from the Present 

to the Paleocene. In the interest of clarity we include an extended discussion for the 

Quatemary, and employ a purely graphical swnmary for all remaining geological 

periods. 

4.4.1.1 Zone I. The Caribbean 

In the following discussions we include results for both Te= 40 km and Te= 80 Km, 

where the latter are always enclosed in brackets. 

In this zone on the continental margin of Colombia, the flexural depression of the 

lithosphere has amplitudes greater than -35 meters. More modest depressions of -26.71 

meters [-24.78 meters] occurs in the area of the Offshore Guajira Marine Basin and 

between -6 and -33.39 meters [-26.2 meters] in the area covered by the offshore Sim1 

Marine Basin. This depression decreases near the mouth of the Magdalena River, 

where it is -26.9 meters [-25 .77 meters] (Table 4.8), which in tum increases near the 

area of the Magdalena Delta, with values ranging between -30 and -50 meters [-

36.16meters] . In the North and Northwest region of Zone I, flexural depressions 

range from -9 meters to above to -30 meters, such as in the area of the Cayos Basin, 

with -19 .46meters [ -17.5 8 met ers] and, in turn, the Co lombia Basin, where the 

depression is -42.79 meters [-33.29 meters] . (Table 4.3 , Zone I) 
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On the other hand, on the continental mar gin of Venezuela, flexural depressions range 

from -1 2 to -18 meters, as is the case of the area of the offshore Cariaco Basin, with 

values of -17.24 meters [ -9.48 meters]. This flexure decreases near the mou th of the 

Orinoco River with amplitudes of -2.42 meters [-19.47 meters] which increase offshore 

(Table 4.8). ln Northern Venezuela, the flexure increases in the Venezuela Basin with 

flexure of -23.29 meters [ -1 9.72 meters]. In addition, in the Min or Antilles arch, the 

amplitude of lithospheric flexure is greater than -30 meters, reaching values of more 

than -100 meters, such as in the area of the Grenada and Tobago Basin, where the 

depressions attain values of -48.82 meters [-38.23 meters] and -204.39 meters [ -181.88 

meters] respectively. (Table 4.3 , Zone I) 

4.4.1.2 Zone II. Amazon Zone 

This zone is characterized by amplitudes grea ter than -1 00 meters in the area of the 

continental shelf and offshore the countries of Guyana, Surinam and French Guyana. 

The flexural depression caused by the sedimentary load in this area has major 

amplitudes of -161.27 [-165.99], -171.88 [-140.99] and -149.38 [-137.84] meters 

respecti v el y. 

Similarly, on the continental margin of Northeastern Brazil, the flexural depressions 

has small amplitudes along the coastline, which increase offshore to values greater than 

-100 meters, attaining a maximum of -119.14 meters. An exan1ple is the area of the 

mouth of the Amazon River, with an1plitudes of -8 .34 meters [-14.55 meter] (Table 

4.8), which increases in the area of the Amazon Delta with amplitudes of -101 .8 meters 

[-100.27 meter]. Similarly, in the Cearâ Basin area, flexure amplitude increases to 
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values ofup to -118.66 meters [-79.72 meter]. These amplitudes decreased in the area 

of the Potigar Basin, where flexure attains values of -60.86 meters [-48.02 meter] , but 

at the same time, amplitude decreased to values of -54.9 meters [-39.24 meter] about 

4°S and 37°W. (Table 4.3 , Zone II) 

4.4.1.3 Zone III. Brazil - Argentina 

Along the continental margin of Brazil, the lithospheric depression varies from -10 to 

-70 meters. So in the area of the offshore Pemambuco and Espiritu Santo Basins, 

lithospheric depressions are relatively modest with values of -15.76 [-18.01] and-

15 .79 [-14.32], meters, respectively. These amplitudes increase in the area of the 

offshore Sergipe-Alagoas, Bahia Sul and Campos Basins, where flexure attains values 

of -20.77 [-18.44] , -31.7 [-24.28] and -39.36 [-27.39] meters respectively. Similarly, 

the areas that make up the offshore Santos and Pelotas Basins have values reaching -

66.35 [-52, 41] and -57.85 [-48.49] meters, respectively. (Table 4.3, Zone III) 

On the continental mm·gin of Uruguay and in the area of the offshore Punta Del Este 

Basin, lithospheric depression reaches amplitudes of -30.66 [-36.41] meters. In 

addition, between the countries of Argentina and Uruguay, on the confluence of the 

Parana and the Uruguay Ri vers, there is a very modest inflection in the flexure yielding 

slightly positive values (see table 4.8). 

On the other hand, on the extensional continental margin of Argentina, lithospheric 

depressions range over values that exceed -50 meters. In the case of the offshore San 

Julian and San Jorge Basins, the flexure is modest with values of -4.52 [-4.84] meters, 

and -10.53 [-7.47] meters, respectively. However, in the area of the offshore Argentina, 
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Rawson, Colorado and Salado Basins, flexme increases considerably, reaching values 

of -28.1 [-24.93) , -16.77 [-21.45) , -33.96 [-29.92] and -52.52 [-41.12] meters, 

respectively. (Table 4.3, Zone III). Finally, on the convergent sheared continental 

margin of Argentina, in the area of the Northern Falkland Basin, flexme varies between 

-1.32 [-7.38] and -13.55 .[-12.17] meters (Table 4.3 , Zone III). 

4.4.1.4 Zone IV. Scotia 

In this area, there are variations in flexme amplitude with values between -0 and -40 

meters. For example, in the area of the offshore Western and Eastern Falkland Basins, 

the flexme values attains values of -29.42 [-26.64) meters and -48.03 [-37.48) meters, 

respectively. This flexme calculated for Te=40 Km, uplifts the Falkland Islands 

approximately 2.71 meters. In contras! when Te=80, the flexmal depression continues 

on the Falkland Islands, with a value of -9.29 meters. 

On the border between the South American and Scotia plates, the amplitude of 

lithospheric flexure ranges from -1 to -35 meters. Such as, on the area of the Southern 

Falkland where flexmal depressions attain values of -34.17 [-29.36) (See Table 4.3, 

Zone IV). The flexme decreases gradually to minimum amplitudes, followed by uplifts 

in the eastern and western ends of the Scotia plate: 0.29 [0.54] meters and 1.99 [1.95) 

meters, respectively. In the middle ofthe plate, flexure increases progressively toward 

the south. 

4.4.1.5 Uplift of the Continent of South America in the Quaternary 
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The map of the flexural response in the Quaternary (Figure 4.27 and Figure 4.28) shows 

that the sedimentary load accumulated on the continental margins of South America 

induces offshore depressions of the lithosphere, with values of more than -30 meters. 

This, in turn, induces a distinct pattern of continental uplift, kllown as forebulge, which 

is purely the consequence of the fmite elastic strength of the lithosphere. No such 

forebulge will be produced in the traditional isostatic treatment of long-term fluid 

behavior of the lithosphere. 

The forebulge or uplift (positive flexure) of the continent of South America in the 

Quaternary is between 2 and 3 [2.87] meters, increasing the elevation in the eastern 

region of the continent with values of 3.73 [3.47] meters near the coastline and 

increasing up to 4.43 [4.5] meters onshore. Similarly, countries such as Colombia, 

Venezuela, Guiana, Surinam, French Guiana, Brazil Uruguay and Argentina have 

higher uplifts, reaching values of 4.48, 6.64 [4.36] , 7.73 [7.16] , 7.26 [8.71] , 11.56 

[9.97] , 6.99 [11.09] , 4.79 [4.56] and 4.46 meters, respectively. These values are listed 

in Tables 4.4, 4.5. 

Finally, during this geological interval, the maximum flexural depression was -309 [-

244.34] meters, inducing a maximum onshore elevation of 11.93 [11.91] meters. (Table 

4.7) . 



Table 4.3 

Zone 

Zone I 

Zone II 

Offshore flexural depression of South America in the Quaternary 

Period. 

Coordinates Flexure (m) 

Offshore point 
Latitude Longitude 

Quatemary 

Te 40 km Te 80 km 
Barracuda A.P 16.5°N 59°W -27,35 -33,68 

Ca y os 
l6°N 80°W -19,46 -17,58 
15°N 81 °W -16,64 -17,93 
16°N 74°W -9,14 -11 ,29 

Colombia 14.5°N 74°W -15 ,06 -19,85 
13°N 74°W -42,79 -33 ,29 

Magdalena Delta 11.5°N 75.5°W -50 -36,16 

Venezuela 
13°N 65°W -23 ,29 -19,72 
l2°N 67°W -22,41 -20,08 

Gre nada 
14.5°N 62°W -17,22 -34,28 
ll.5°N 62.5°W -48,82 -38,23 

Tobago 12.5°N 60°W -204,39 -181 ,88 

Demerara Abyssal Plain 
ll 0 N 56°W -123,41 -141 ,08 
13°N 57°W -119,67 -139,59 

Guaj ira Marino l2°N 73°W -26,71 -24,78 
Sim1 Marino 10.5°N 76°W -33 ,39 -26,2 
Caria co 10.5°N 65°W -17,24 -9,48 

Guyana 
9.5 °N 57°W -161 ,27 -165,99 
8° N 58°W -78,54 -93 ,88 

Surinan1 
8°N 55°W -171 ,88 -140,99 
7°N 56°W -105,88 -93,2 

French Guyana 
7°N 52°W -149,38 -137,84 

5.5°N 52.5°W -81 ,43 -91 ,09 
Amazonas Delta l 0 N 49.5°W -101 ,8 -100,27 

1°S 46°W -42,59 -50,86 
Brazil 3°S 40°W -53 ,17 -47,72 

2°S 43 °W -119,14 -79,84 
Ceanl. 2°S 41 °W -118,66 -79,72 

Potigar 
2.5 °S 37.5°W -27,77 -36,11 
3°S 37°W -43,68 -40,93 

58 
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4°S 36°W -60,g6 -4g,o2 
4°S 37°W -54,9 -39,24 

Pernambuco 
go S 34° w -10,g9 -13,g7 
go S 33° w -15,76 -1g,o 1 
11 ° s 37.5° w -7,34 _g,g2 

Sergipe-Alagoas 11 ° s 36.5° w -20,07 -14,44 
12° s 35° w -20,77 -1g,44 

Bahia Sul 13° s 37° w -31 ,7 -24,2g 

Espiritu Santo 
17° s 3g.so w -11 ,9g -11 ,g6 

16.5° s 38° w -15,79 -14,32 
21.5° s 41 ° w -15 ,94 -16,67 

Campos 22° s 40° w -39,36 -27,39 
23° s 41 ° w -31 ,73 -2g,21 

25.5° s 4go w -25 ,44 -23 ,45 
Santos 26° s 46° w -66,35 -52,41 

27° s 46° w -57,69 -52,65 

Zone III Pelotas 
32.5° s 51° w -4g,96 -41 ,g 
33° s 51 ° w -57,gs -4g,49 

Punta del Este 35.5° s 53° w -30,66 -36,41 

Salado 
37.5° s 57° w -19,gs -1g,91 
3go s 55° w -52,52 -41 ,12 

Colorado 
40° s 61 ° w -26,1 -17,9 
41° s 59° w -33,96 -29,92 

Rawson 43.5° s 60° w -16,77 -21 ,45 

San Jorge 
46° s 65° w -10,53 -7,47 
47° s 66° w -9,44 -5,61 

San Julian 49.5° s 64° w -4,52 -4,84 
43° s 52° w -7,65 -11 ,27 

Argent ina 41.5° s 43.5° w -2g,1 -24,93 
47° s 46° w -1g,26 -16,03 

Northern Falkland 
50.5° s 59.5° w -1 ,32 -7,3g 
49.5° s 59° w -13 ,55 -12,17 

Eastern Falkland 
52.5° s 50° w -43 ,6g -36,05 
52° s 55° w -4g,o3 -37,4g 

Zone IV 
52.5° s 65° w -27,1 -20,4 

Western Falkland 53° s 60° w -21 ,5 -25,g7 
53° s 62° w -29,42 -26,64 

Southern Falkland 54° s 55° w -34,17 -29,36 



Table 4.4 Maximum F orebulge elevations along the eastern mar gin of South 

America during the Quaternary for Te 40 km 

Country Latitude Longitude 
Forebulge (m) 

Te 40 km 

Co lombia 8.5° N 74°W 4.48 
Venezuela 7.5° N 62°W 6.64 
Gui ana 6.5 N 60°W 7.73 

Surinam 4.5°N 55.5° w 7.26 
French Guiana 3.5° N 53° w 11.56 

1.5°N 51.5°W 4.65 
1.5°N 52.5°W 8.75 
3°S 46.5°W 6.99 

Brazil 5°S 41.5°W 7.2 
7°S 37°W 5.52 

21.5°S 43 °W 4.79 
28°S 51 °W 4.9 

Uruguay 32.5° s 54° w 4.79 
Argen tina 37° s 60° W 4.46 

60 



Table 4.5 Maximum Forebulge elevations along the eastern margin of South 

America during the Quaternary for Te 80 km 

Country Latitude Longitude 
Forebulge (m) 

Te 80 km 
Venezuela 6.5°N 65 .5°W 4.36 
Gui ana 4.5°N 59°W 7.16 

Surinam 
4°N 57°W 6.22 
3°N 55°.5 8.71 

French Guiana 7°N 54°W 9.97 
1.5°N 54°W 11.09 
oo 53°W 7.57 

Brazil 
4°S 48W 6.89 

7.5°S 40°W 5.93 
l8°S 43.5°W 4.11 

28 .5°S 52.5°W 5.17 
Urugua~ 31.5°S 56.5°W 4.56 

4.4.2 Flexural Response of the Lithosphere from the Paleocene to the Present 
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In the following, we present a graphical summary of the evolution offlexural response 

since Pliocene (5 .332 to 0 Ma), Miocene (23 .03 to 0 Ma), Oligocene (33 .9 to 0 Ma), 

Eocene (55.8 to 0 Ma) and Paleocene (65.6 to OMa) epochs 
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4.4.2.1 Zone I 

Zone 1, includes the following offshore points: Barracuda Abyssal Plain, Cayos, 

Colombia basin, Magdalena Delta, Venezuela Basin, Grenada, Tobago, Demerara 

Abyssal Plain, Marin Guaj ira, Marin Sim1 and Cariaco for which flexural depression 

values are shown in Appendix D. 

Figures 4.29 to 4.38 show evolution of flexural depression of lithosphere at each of 

these locations. In these figures is observed the changing of the flexural depression 

obtained using a Te = 40 km (green line) and Te = 80 km (blue line) through 0-65 

million years and 5332-0 million yea.rs respectively. 
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Figure 4.29 

(16.5°N, 59°W) Barracuda Abyssal Plain 
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Figure 4.30 Contribution to lithospheric flexure, from sediments deposited 111 

each geological epoch, at an offshore site in the Cayos Basin. 
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Contribution to lithospheric fl exure, from sediments deposited in 

each geological epoch, at an offshore site in the Colombia Basin 
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(11.5°N, 75.5°W) Magdalena Delta 
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Figure 4.32 Contribution to lithospheric flexure, from sediments deposited in 

each geological epoch, at an offshore site in the Magdalena Delta 

( l3°N, 65°W) Venezuela Basin 
50.-------------------------------------~ 

0 

I 
= 
-~ -50 
"' .. 
:.... 
Q. .. 

::::: -100 

'" :.... 
::s 
>< .. 

i'i: -150 

Figure 4.33 

--6-- Te= 40 Km 
--+-- Te=80 Km 

0 10 20 30 40 50 60 70 

Time (Myr) 

Contribution to lithospheri c fl exure, from sediments deposited in 

each geological epoch, at an offshore site in the Venezuela Basin 



(l1.5°N, 62.5W) Grenada Basin 
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Figure 4.34 Contribution to lithospheric flexUJe, from ediments deposited in 

each geological epoch, at an offshore site in the Grenada Basin 

(12.5°,60°W) Tobago Basin 
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Figure 4.35 Contribution to lithospheri c flexure, fro m sediments deposited in 

each geological epoch, at an off bore site in the Tobago Basin 
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(11 °N, 56°W) Demerara Abyssal Plain 
100 

0 -b- Te=40 Km 

~ ----- Te=80 Km 
~ -100 
c 

.52 
"' -200 "' 4> 
:.... 
Q. 
4> 

-300 -o 

"" ..... 
::::1 -400 >< 
4> 

ti: 
-500 

-600 

0 10 20 30 40 50 60 70 

Time (Myr) 

Figure 4.36 Contribution to lithospheric flexure, from sediments deposited in 

each geological epoch, at an offshore site in the Demerara Abyssal Plain 
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Figure 4.37 Contribution to lithospheric flexure , from sediments deposited in 

each geological epoch, at an offshore site in the Marin Guajira Basin 
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(10.5°W, 76°W) Marin Sim1 
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Figure 4.38 Contribution to lithospheric flexure, from sediments deposited in 

each geological epoch, at an offshore site in the Marin Sim] Basin 

(10.5°N, 65°W) Cariaco Basin 
20 ,--------------------------------------, 

0 

~ -20 
c 

.~ -40 
"' "' .., 
5. -60 .., 
" ~ -80 ,_ 

:::1 

~ -100 
ii: 

-120 

--f:::r-- Te= 40 Km 

------ Te= 80 Km 

-140 -+-------,------,--------.-------.------,.------...--------l 

0 10 20 30 40 50 60 70 

Time (Myr) 

Figure 4.39 Contribution to lithospheric flexure, from sediments deposited in 

each geological epoch, at an offshore site in the Cariaco Basin 
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4.4.2.2 Zone II 

Zone II, includes the following offshore points: Guiana, Surinam, French Guiana, 

Amazon Delta, Brazil, Ceara and Potigar, for which flexural depression values are 

shown in Appendix D. 

Figures 4.40 to 4.46 show evolution of flexural depression of lithosphere at each of 

these locations. 

200 

,-.. 0 
E 
"-' 
c: 
0 

·v; -200 
"' ~ .. 
Q. 
~ 

:::: -400 
~ .. 
:::s 
>< 
~ 

ii: -600 

-800 

0 10 20 30 40 

Tirne (Myr) 

-l:::r- Te= 40 Km 
~ Te= 80 Km 

50 60 70 

Figure 4.40 Contribution to lithospheric flexure, from sediments deposited in 

each geological epoch, at an offshore site in the Guiana 
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(8°N, 55°W) Surinam 
200 

0 -ô- Te= 40Km 
~ 

E ---- Te= 80 Km 
~ 

c -200 
.~ 

"' "' ... 
~ -400 ... 
~ 

;: -600 
:::l 
>< ... 
~ -800 

-1000 

0 10 20 30 40 50 60 70 

Time (Myr) 

Figure 4.41 Contribution to lithospheric flexme, from sediments deposited m 

each geological epoch, at an offshore site in the Surinam 

(7°N, 52°W) French Guyana 
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Figure 4.42 Contribution to lithospheric flexme, from sediments deposited in 

each geological epoch, at an offshore site in the French Guyana 
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(1 °N, 49.5°W) Amazon Delta 
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Figure 4.43 Contribution to lithospheric flexure, from sediments deposited in 

each geological epoch, at an offshore site in the Amazon Delta 
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Figure 4.44 Contribution to lithospheric flexme, from sediments deposited 

in each geological epoch, at an offshore site in Brazi l 
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Contribution to lithospheric flexure, from sediments deposited m 

each geological epoch, at an offshore site in Cearâ 

(4°S, 36°W) Potigar 
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Figure 4.46 Contribution to lithospheric flexure, from sediments deposited m 

each geological epoch, at an offshore site in Potigar 
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4.4.2.3 Zone III 

Zone III, includes the following offshore points: Pemambuco, Sergipe-Alagoas, Bahia 

Sul, Espiritu Santo, Campos, Santos, Pelotas, Punta del Este, Salado, Colorado, 

Rawson, San Jorge, San Julian, Argentina and Northern Falkland, for which flexural 

depression values are shown in Appendix D. · 

Figures 4.47 to 4.61 show evolution of flexural depression of lithosphere at each of 

these locations. 
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Figure 4.47 Contribution to lithospheric flexure, from sediments deposited in 

each geological epoch, at an offshore site in Pernambuco 
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Figure 4.48 Contribution to lithospheric flexure, from sediments deposited in 

each geological epoch, at an offshore site in Sergipe-Alagoas 
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Figure 4.49 Contribution to lithospheric flexure, from sediments deposited in 

each geological epoch, at an offshore site in Bahia Sul 
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Figure 4.50 Contribution to Jithospheric flexure, from sediments deposited in 

each geological epoch, at an offshore site in the Espiritu Santo Basin 
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Figure 4.52 Contribution to lithospheric flexure, from sediments deposited in 

each geological epoch, at an offshore site in the Santos Basin 

(33°S, 51 °W) Pelotas 
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Contribution to lithospheric flexme, from sediments deposited in 

each geological epoch, at an offshore site in the Pelotas Basin 
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Figure 4.54 Contribution to lithospheric flexure, from sediments deposited in 

each geological epoch, at an offshore site in the Pw1ta del Este Basin 
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each geological epoch, at an offshore site in the Salado Basin 
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Figure 4.56 Contribution to lithospheric flexure, from sediments deposited in 

each geological epoch, at an offshore site in the Colorado Basin 
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each geological epoch, at an offshore site in the Rawson Basin 
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Figure 4.58 Contribution to lithospheric flexure, from sediments deposited in 

each geological epoch, at an offshore site in the San Jorge Basin 
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(41.5°, 43.5°W) Argentina 
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Figure 4.60 Contribution to lithospheric flexme, from sediments deposited in 

each geological epoch, at an offshore site in the Argentina Basin 

(49.5°S, 59°W) Northern Falkland 
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Figure 4.61 Contribution to lithospheric flex ure, from sediments deposited in 

each geological epoch, at an offshore site in the Northern Falkland 
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4.4.2.4 Zone IV 

Zone IV, includes the following offshore points: Eastern Falkland, Western Falkland 

and Southern Falkland, for will ch flexural depression values are tabulated in Appendix 

D. 

Figures 4.62 to 4.64 show evolution of flexural depression of lithosphere at each of 

these locations. 
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Contribution to lithospheric flexure, from sediments deposited in 

each geological epoch, at an offshore site in the Westem Falkland 
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Sediment Flexure, Pliocene (H=40km , L=1-2000) 
- 85' -80' - 75' - 70 ' - 65 ' - 60' - 55' - 50' -45 ' - 40 ' - 35 ' - 30' - 25' 

20' 

15' 

10 · ~~~~~~~~~ 

5' 

o· ~-~~~---b~~-1----~ 

- 5' 

- 1 o· 

-1 5' 

-20 ' ~--~----~~--r=~--~~~--~ 

-25' 

- 30' 

- 35' 

-40' 

-45' 

- 50' 

-55' 

- 60 ' 

- 1 00 - 80 - 60 - 40 -20 0 20 40 60 80 

metres 

82 

100 

Figure 4.65 Map of total Flexural Response due to sediment loads accumulated 

since the Pliocene (5.332 - 0 million years) for an effective elastic thickness of 40 km 

and a maximum harmonie degree of 2000 
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Figure 4.66 Map of total Flexmal Response due to sediment loads accumulated 

since the Pliocene (5.332 - 0 million years) for an effective elastic thickness of 80 km 

and a maximum harmonie degree of 2000 



Sediment Flexure, Miocene (H=40km, L=1-2000) 
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Figure 4.67 Map oftotal Flexural Response due to sediment loads accw11ulated 

since the Miocene (23.03 - 0 rn.illion years) for an effective elastic thickness of 40 km 

and a maximum harmonie degree of 2000 
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Sediment Flexure, Oligocene (H=40km, L=1-2000) 
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Figure 4.68 Map of total Flexmal Response due to sediment loads accumulated 

since the Oligocene (33.9 - 0 million years) for an effective elastic thickness of 40 km 

and a maximum harmonie degree of 2000 



Sediment Flexure, Eocene (H=40km, L=1-2000) 
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Figure 4.69 Map of total Flexural Response due to sediment loads accumulated 

since the Eocene (55.8 - 0 million years) for an effective elastic thickness of 40 km 

and a maximum harmonie degree of 2000 



Sediment Flexure, Paleocene (H=40km, L=1-2000) 
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Figure 4. 70 Map of total Flexmal Response due to sediment loads accumulated 

since the Paleocene (65.5 - 0 million years) for an effecti ve elastic thickness of 40 km 

and a maximum harmonie degree of 2000 
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4.4.3 Uplift of the Continent of South America since the Pliocene, the Miocene, the 

Oligocene, the Eocene and the Paleocene 

The forebulge or uplift undergone by the continent of South America (at 1 oos and 

60°W) during the Cenozoic (Quaternary (Figure 4.27and 4.28), Pliocene (Figure 4.65 

and 4.66), Miocene (Figure 4.67), Oligocene (Figure 4.68), Eocene (Figure 4.69) and 

Paleocene (Figure 4.70) is between 2 and 70.66 meters. 

The following graphie shows the uplift that South-American Continent has experience 

since the Paleocene until now: 

Tim c-depcnd ence evo lu t ion of co nti nenta l up lift d uc to the fo rebulge in So uth America 
(lat=l0°S, lo n= 60°W) s in ce the Pa leocene 

80.---------------------------------------, 

,.__ 

5, 60 

--+- Te= 40 Km 
Te=80 Km 

0 · :, -----~----.-----.----.,----.-----.----~ 

0 10 20 30 40 50 60 70 

T ime (Myr) 

Figure 4.71 Time-dependence evolution of continental uplift due to the 

forebulge in South America continent (lat=l 0°S, lon = 60°W) since the Paleocene. 
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The forebulge increases the elevation in the eastern region of the continent with values 

between 4.43 meters and 80 meters. The time-dependence of this uplift can be seen in 

the fo llowing figure, where the evolution of the forebulge from Paleocene to the Present 

is plotted. 

Timc-dependencc evo lution of co ntin e ntal up lift due to the forebu lge a long the eastern 
margin of So uth A mer·ica (lat=5°S, lon= 45°W) sincc the Paleocene 
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Figure 4.72 
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Time-dependence evolution of continental uplift due to the 

forebulge along the eastern margin of South America (lat== 5°S, lon==45°W) since the 

Paleocene. 

In comparison to the uplift describe above, sorne portion of the continent such as in 

Venezuela, Guyana, Sminam, French Guyana, Brazil, Uruguay and Argentina showed 

greater elevation changes in sorne intervals. In the following graph, we present the 

evolution of forebulge during Quatemary, Pliocene, Mio cene, Oli gocene, Eocene and 

Paleocene ages for these countries with forebulge values summarized in Table 4.7. 
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Figure 4.73 Forebulge evolution at a representative location in Colombia 

(lat=8.5°N, lon= 74°W) from the Paleocene to the Present. 
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Figure 4.74 Forebulge evolution at a representative location in Venezuela 

(lat=7.5° , lon=62°W) from the Paleocene to the Present. 
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Forebulge evolution at a representative location in Guyana 

(lat=6.5°N, lon=60°W) from the Paleocene to the Present. 
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Forebulge evolution at a representative location in Sminam 

(lat=4.5 °N, lon=55.5°) from the Paleocene to the Present. 
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Figure 4.77 Forebulge evolution at a representative location in French Guyana 

(lat= 3.5°N, lon= 53°W) from the Paleocene to the Present. 
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Forebulge evolution at a representative location in Brazil (lat= 

21.4°S, lon= 43 °W) from the Paleocene to the Present. 
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Forebulge evolution at a representative location in Uruguay (lat= 

32.5°S, lon= 54°W) from the Paleocene to the Present. 
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Forebulge evolution at a representative location in Argen tina (lat= 

37°S, lon= 60° W) from the Paleocene to the Present. 
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In Table 4.6 we summarize the age-dependent relation that exists between the 

maximum sediment-induce offshore depressions (the foredeep) and the resulting 

continental uplift (forebulge) since Paleocene. 

Table 4.6 Summary of Maximum Flexural depression (foredeep) and Forebulge 

Amplitudes since the Paleocene 

Flexural 
Age Te (km) Forebulge(m) 

depression (rn) 

40 11 .93 -309.04 
Quaternary 

80 11.91 -244.34 

40 31.51 -825.85 
Pliocene 

80 31.49 -652.08 

Miocene 40 64 -1726.42 

Oligocene 40 ·84.56 -1 967.28 

Eocene 40 131.17 -2591.75 

Paleocene 40 152.66 -2966.59 
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Table 4.8 

River mouth 

Magdalena 

Orinoco 

Amazon 

Confluence 

Uruguay-

Para na 
Rivers 

Mar del Plata 

Flexural depression and forebulges amplitudes at the Mouths of 

Primary Rivers 

Flexure-Forebulge (m) 

Latitude Longitude Quaternary Pliocene Miocene 

40 km 80 km 40 km 80 km 40 km 

l1°N 74.5oW -26,9 -25J7 -62,55 -59,91 -173,13 

8.83oN 62oW -2A2 -19A7 -7A6 -50,77 3.72* 
8.83oN 61.83oW -6,74 -24,24 -19,08 -63A -16,85 
0.5°5 so.sow -8,34 -14,55 -23,51 -40,35 -81,92 
0.5°5 SloW -3,03 -6A4 -9,09 -18,34 -10,3 

34,16 58,5oW 0.95 * 2.74* -0,37 6.42 * 0.31 * 

34,5°5 58°W -0,54 1.8* -6,01 2.86* -18,99 

Negative values indicate flexural depression (foredeep). * Forebulge or uplift 
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4.5 Flexural Response by Age Intervals 

In the preceding section ( 4.4), flexure was calculated for the entire sediment column 

accw1mlated from a parti cul ar epoch in the past to present day. In the following, we 

instead present the flexure due to sediments deposited in each of the geological epochs. 

Figures 4.81 4.118, 4.119, 4.120 and 4.121 show the maps of the flexural response 

generated by offshore sediment accwnulation within different age intervals. Flexure 

was calculated using an effective elastic thickness of 40 kn1 and a maximum harmonie 

degree of 2000. 

Cenozoic Flexural Response ofthe Lithosphere 

In the following we present the results of our flexural calculations in each of the four 

geographie zones (Figure 4.1) for the period of Cenozoic time, which includes the 

intervals of ages: Pliocene-Quaternary (5.332-0 Myr), Miocene-Pliocene (23 .03-2.588 

Myr), Oligocene-Miocene (33.9-5 .332 Myr), Eocene-Oligocene (55.8-23.03 Myr) and 

Paleocene-Eocene (65.5-33.9 Myr) . In the same manner as in section 4.4, the 

discussion will primarily focus on the flexural response at a nwnber of selected 

offshore points shawn in Figure 4.26, via a graphical representation of flexure versus 

time: Cenozoic time intervals. In the interest of clarity we include an extended 

discussion for the Quaternary-Pliocene interval, and employ a purely graphical 

swnmary for all remaining geological periods. 

In the following discussion it should again be understood, as in section 4.4 that ali 

values referring to flexural depression (foredeep) or uplift (forebulge) are induced by 
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the offshore sediment accumulations and do not re fer to actual values of bathymetry or 

altitude. 

4.5.1 Pliocene-Quatemary flexural response of the Lithosphere 

The predicted flexural response between 5.332 and 0 million years ago in the Pliocene­

Quatemary geological interval for an elastic thickness of 40 km is illustrated in figure 

4.81. 

4.5.1.1 Zone I. The Caribbean 

In this zone on the continental margin of Co lombia, the flexural depression (foredeep) 

has amplitudes greater than -10 meters, reaching values of -35 meters and -34 meters 

in the area of the Offshore Guajira and Sinu Marine Basins. The flexural depression 

(foredeep) begin to amplify at the mouth of the Magdalena River, where it is -35.65 

meters (Table 4.1 T) and increases in the area of the Magdalena Delta, with values 

greater than -66 meters. In the North and Northwest region of Zone I, foredeep ranges 

from -10 and -30 meters, such as in the area of the Cayos Basin, with values of -25.73 

meters. In certain areas ofthis sub-zone, the foredeep reaches values between -40 and 

-60 meters, such as in the southern part of the Colombia Basin, in where it is -56.85 

meters . (Appendix E) 

On the continental mm·gin of Venezuela, the foredeep is grea ter than -20 meters, as is 

the case of the area ofthe offshore Cariaco Basin, with a value of -22.8 meters. These 

amplitudes increase beyond -30 meters, such as in the area of the offshore Venezuela 
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Basin where the foredeep is -34.13 meters. At the mouth of the Orinoco River, the 

depression is -5.04 meters, increasing offshore. Similarly, in the Lesser Antilles, the 

foredeep ranges between -25 and -35 meters, reaching values of more than -100 meters. 

For instance, in the Grenada Basin area, the depression is -29.6 meters, whereas in the 

Te>bago Basin area, it increases to -289.64 meters. (Appendix E) 

4.5 .1.2 Zone II. Amazon Zone 

This zone is characterized by depressions grea ter than -1 00 meters in the area of the 

continental margin and offshore in the countries of Guyana, Surinam and French 

Guyana. The flexural depression (foredeep) caused by the sedimentary loads in these 

areas attains values of -278.21 , -295.48 and 256.95 meters respectively. (Appendix E) 

Similarly, on the continental margin of Northeastem Brazil, the foredeep has small 

amplitudes along the coastline, which increase offshore reaching values of up to -

187.74 meters. A noteworthy example is the area of the mouth of the Amazon River, 

with an amplitude of -6.07 meters (Table 4.11), which increases in the area of the 

Amazon Delta attaining a value of -175.38 meters. In addition, on the Ceani Basin 

area, the flexural depression (foredeep) increases to -204.28 meters. The foredeep 

shallows in the area of the Potigar Basin, with a value of -105.99 meters. (Appendix E) 

Finally, towards the Mid-Atlantic Ridge, the sediment induced depression decreases 

gradually to values of -7 meters. 

4.5.1.3 Zone III. Brazil-Argentina 
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On the continental margin ofBrazil of the sediment-induced flexural depressions range 

between approximately -30 and -100 meters. For example, for the offshore 

Pernambuco and Espiritu Santo Basins the flexural depression (foredeep) attains values 

of -44.93 and -48.19 meters, respectively. These amplitudes increase in the area of the 

offshore Sergipe-Alagoas, Bahia Sul and Campos Basins, where the flexural 

depression (foredeep) has values of -62.09, -92.74 and -114.16 meters respectively. 

Sin1ilarly, in the offshore Santos and Pelotas Basins the flexural depression attains 

values of -189.73 and -165.95 meters, respectively. (Appendix E). On the continental 

margin of Uruguay and in the area of the offshore Punta del Este Basin, the flexural 

depression (foredeep) attains a maximum of -89.64 meters (Appendix E). In addition, 

between the countries of Argentina and Uruguay, on the confluence of the Parana and 

the Uruguay Rivers, there a modest depression of -1.32 meters, which increases 

gradually towards the Mar del Plata River, with amplitudes of -5.47 meters (Table 

4.11 ), and furthering increasing offshore. 

Furthermore, on the extensional continental margm of Argentina, the flexural 

depressions are varied, ranging between -1 0 meters to more th an -100 meters. For 

instance, the areas that comprise the offshore San Julian and San Jorge Basins attains 

values of -15.89 -33.28 meters, respectively. These amplitudes increase gradually in 

the area of the offshore Rawson, Argentina, Colorado and Salado Basins, where the 

foredeep amplitudes are -50.92, -82.82, -99.08 and -151.11 meters respectively. 

Finally, on the sheared continental margin of Argentina, in the area of the Notihern 

Falkland Basin flexure varies between -6 meters and -41.27 meters. (Appendix E). 

4.5.1.4 Zone IV. Scotia 
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In this area, there are variations in flexure amplitude with values between -5 and -70 

meters. For example, in the area ofthe offshore Western and Eastern Falkland Basins, 

the flexure values attains values of -47.44 meters and -77.03 meters, respectively 

(Appendix E). Over the past 5 Myrs this flexure lifts the Falkland Islands by a very 

modest 0.13 meters, but this uplift is substantially larger during the subsequent age­

intervals. 

On the border between the South American and Scotia Plates, the amplitudes of the 

flexural depression range between -10 and -80 and meters. For exan1ple in the area of 

the Southern Falkland, the foredeep attains values of -49.16 meters. (Appendix E). 

In contrast, the eastern and western ends of the Scotia plate are uplifted by 3 meters 

and 0.97 meters, respectively . 
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Sediment Flexure, Pliocene-Quaternary (H=40km, L=1-2000) 
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Figure 4.81 Map ofFiexural Response during the Pliocene-Quaternary interval 

(5 .33 to 0 Ma). The effective elastic thickness is 40 km and a maximum harmonie 

degree of2000 was employed. 
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4.5.2 Flexural Response of the Lithosphere during the Pliocene-Quatemary, 

Miocene-Pliocene, Oligocene-Miocene, Eocene-Oligocene and Paleocene­

Eocene interval ages. 

In the following we present a graphical surnmary of the evolution of flexural response 

during the Pliocene-Quaternary (5.332 to 0 Ma), Miocene-Pliocene (23 .03 -2.588 Ma), 

Oligocene-Miocene (33.9 to 5.332 Ma), Eocene-Oligocene (55.8 to 23.03 Ma) and 

Paleocene-Eocene (65.5 to 33.9 Ma) interval ages. 

4.5 .2.1 Zone I 

Zone I, includes the following offshore points: Barracuda Abyssal Plain, Cayos, 

Colombia basin, Magdalena Delta, Venezuela Basin, Grenada, Tobago, Demerara 

Abyssal Plain, Marin Guajira, Marin Sim1 and Cariaco, for which flexural depression 

values are shown in Appendix E. 

Figures 4.82 to 4.92 show the contribution to lithospheric flexure, from sediments 

deposited in each geological epoch, at each of these locations. 
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Figure 4.82 Contribution to lithospheric flexme, from sediments deposited in each 

geological epoch, at an offshore site in the Barracuda Abyssal Plain 
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Figure 4.84 Contribution to lithospheric flexure, from sediments deposited in each 

geological epoch, at an offshore site in Colombia Basin 
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Figure 4.85 Contribution to lithospheric fl exme, from sediments deposited in each 

geological epoch, at an off bore site in the Magdalena Delta 
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Figure 4.86 Contribution to lithospheric flexure, from sediments deposited in each 

geological epoch, at an offshore site in the Venezuela Basin 
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Figure 4.87 Contribution to lithospheric flexure, from sediments deposited in each 

geological epoch, at an offshore site in the Grenada Basin 
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Figure 4.88 Contribution to lithospheric fl exw-e, from sediments deposited in each 

geological epoch, at an offshore site in the Tobago Basin 

(11 °N, 56°W) Demerara Abyssal Plain 
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Figure 4.89 Contribution to lithospheric fl exure, from sediments deposited in each 

geological epoch, at an off hore site in the Demerara Abyssal Plain 
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Figure 4.90 Contribution to lithospheric flexure, from sediments deposited in each 

geological epoch, at an offshore site in the Marin Guajira 
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Figure 4.92 Contribution to lithospheric flexure, from sediments deposited in each 

geological epoch, at an offshore site in the Cariaco Basin 

4.5.2.2 Zone II 

Zone II, includes the following offshore points: Guiana, Sw-inam, French Guyana, 

Amazon Delta, Brazil , Ceani and Potigar, fo r which flexmal depression values are 

shown in Appendix E. 

Figw-es 4.93 to 4.99 show the contribution to lithospheric flexme, from sediments 

deposited in each geological epoch, at each ofthese locations. 
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Figure 4.94 Contribution to lithospheric flexure, from sediments deposited in each 

geological epoch, at an offshore site in the Surinam 
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Figure 4.95 Contribution to lithospheric flexme, from sediments deposited in each 

geological epoch, at an offshore site in the French Guyana 
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Figure 4.96 Contribution to lithospheric flexme, from sediments deposited in each 

geological epoch, at an offshore site in the Amazon Delta 
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Figure 4.97 Contribution to lithospheric fl exure, from sediments deposited in each 

geological epoch, at an offshore site site in the Brazil 
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Figure 4.98 Contribution to lithospheric flexure, from sediments deposited in each 

geo logical epoch, at an offshore site site in the Ceara 
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Figure 4.99 Contribution to lithospheric flexme, from sediments deposited in each 

geological epoch, at an offshore site in the Potigar 

4.5.2.3 Zone III 

Zone III , includes the following offshore points: Pernambuco, Sergipe-Alagoas, Bahia 

Sul, Espiritu Santo, Campos, Santos, Pelotas, Punta del Este, Salado, Colorado, 

Rawson, San Jorge, San Julian, Argentina and orthern Falkland, for which flexural 

depression values are shown in Appendix E. 

Figures 4.100 to 4.114 show the contribution to lithospheric flexme, from sediments 

deposited in each geological epoch, at each of these locations. 
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Figure 4.100 Contribution to lithospheric flexure, from sediments deposited in each 

geological epoch, at an offshore site site in the Pernambuco 
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Figure 4.101 Contribution to lithospheric flexure, from sediments deposited in each 

geo logical epoch, at an offshore site in the Sergipe-Alagoas 



100 

~ 

0 E 
~ 

= 
-~ 
"' "' "' ~-100 
"' -o 
e;; 
.... 
::: 
~ -200 

fi: 

-300 

0 10 20 30 

Time (Myr) 

11 5 

----6---- Te= 40 Km 

40 50 60 

Figure 4.102 Contribution to lithospheric flexure, from sediments deposited in each 

geological epoch, at an offshore site in the Bahia Sul 
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Figure 4.103 Contribution to lithospheric flexure, from sediments deposited in each 

geological epoch, at an offshore site in the Espiritu Santo 
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Figure 4.104 Contribution to lithospheric flexme, from ediments deposited in each 

geo logical epoch, at an offshore site in the Campos 
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Figure 4.105 Contribution to lithospheric flexme, from sediments deposited in each 

geological epoch, at an offshore site in the Santos 
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Figure 4.106 Contribution to lithospheric flexure, from sediments deposited in each 

geological epoch, at an offshore site in Pelotas. 

100 

0 
Ê 
~ 

t: 

-~ -100 
"' "' "-c. 

"' :::: -200 

"' "-
:l 

"' "' ~ -300 

-400 

Figure 4.107 

0 

(35.5°8, 53°W) Punta del Este 

10 20 30 

Time (Myr) 

-6-- Te=40 Km 

40 50 60 

Contribution to lithospheric flexure, from sediments deposited in 

each geological epoch, at an offshore site in the Punta Del Este. 
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Figure 4.108 Contribution to lithospheric fl exure, from sediments deposited in each 

geological epoch, at an offshore site in the Salado. 
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Figure 4.109 Contribution to lithospheric flexure, from sediments deposited in each 

geological epoch, at an offshore site in the Colorado. 
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Figure 4.110 Contribution to li thospheric flexme, from sediments deposited in each 

geological epoch, at an offshore site in the Rawson. 
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Figure 4.111 Contribution to lithospheric fl exme, from sediments deposited in each 

geological epoch, at an offshore site site in the San Jorge. 



120 

(49.5°, 64°W) San Julian 
10 

0 ~ Te= 40Km 
~ 

E .._, 
= -10 
.s: 
"' "' "' '- -20 Q. 

"' "0 

~ 
-30 '-= >< 

"' ~ 
-40 

-50 

0 10 20 30 40 50 60 

Time (Myr) 

Figure 4.112 Contribution to lithospheric flexure, from sediments deposited in each 

geological epoch, at an offshore site site in the San Julian. 
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Figure 4.113 Contribution to lithospheric flexure, from sediments deposited in each 

geological epoch, at an offshore site in the Argentina Basin. 
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Figure 4.114 Contribution to lithospheric flexure, from sediments deposited in each 

geological epoch, at an offshore site shore site in the N011hern Falkland. 

4.5.2.4 Zone IV 

Zone IV, includes the following offshore points: Eastern Falkland, Western Falkland 

and Southern Falkland , for whicb fl.exural depression values are tabulated in Appendix 

E. 

Figures 4.1 15 to 4.117 shown evolution offl.exural depression of lithosphere at each of 

these locations. 
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Figure 4.115 Contribution to lithospheric flexure, fro m sediments deposited in each 

geological epoch, at an offshore site in the Eastern Falkland 
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Figure 4.116 Contribution to lithospheric flexure, from sediine~ts deposited in each 

geological epoch, at an offshore site in the Western Falkland 
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Figure 4.117 Contribution to lithospheric flexure, from sediments deposited in 

each geological epoch, at an offshore site in the Southern Falkland 
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Sediment Flexure, Miocene-Piiocene (H=40km, L=1-2000) 
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Figure 4.118 Map of Flexm al Response dming the Miocene-Pliocene interval 

(23 .03 to 2.588 Ma). The effective elastic thickness of 40 km and a maximum 

hrum onic degree of2000 was employed. 
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Sediment Flexure, Oligocene-Miocene (H=40km, L=1-2000) 
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Figure 4.119 Map ofFlexural Response during the Oligocene-Miocene interval 

(33.9 to 5.332 Ma). The effective elastic thickness of 40 km and a maximum 

harmonie degree of2000 was employed. 
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Sediment Flexure, Eocene-Oiigocene (H=40km, L=1-2000) 
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Figure 4.120 Map of Flexural Response during the Eocene-Oligocene interval 

(55. 8 to 23 .03 Ma). The effective elastic thickness of 40 kn1 and a maximum 

harmonie degree of2000 was employed. 
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Sediment Flexure, Paleocene- Eocene (H=40km, L=1-2000) 
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Figure 4.121 Map of Flexural Response during the Paleocene-Eocene interval 

(65.5 to 33.9 Ma). The effective elastic thickness of 40 km and a maximum harmonie 

degree of2000 was employed. 
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4.5.3 Cenozoic Uplift of the Continent of South America 

The sediment-induced flexural depressions discussed above also induce changes in the 

topography of South America, leading uplift along the continental mm·gin, also called 

forebulge. 

The forebu lge or uplift undergone by the continent of South America (lat= 1 Ü0 S, lon= 

60°W) during the Cenozoic (Pliocene-Quaternary (figure 4.81), Miocene-Pliocene 

(Figure 4.1 1 8), Oligocene-Miocene (Figure 4. 11 9), Eocene-Oligocene (Figure 4. 120), 

Paleocene-Eocene (Figure 4.121)) is between 1 and 25 meters. 

The following graphie, shows the forebulge change that was experienced in the South­

American continent through the different intervals of ages: 

T im e-depend ence evo lutio n o f co ntin ental up lift du e to t he forebu lge in o ut Amcr·ica 
(lat= I0°S, lon = 60°W) du ring the Ce no.zo ic 
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Time-dependence of continental uplift due to the forebulge in South 

America (lat= 1 Ü0 S, lon= 60°W) during the Cenozoic 
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The forebulge increases the elevation in the Eastern region of South America Continent 

(at lat=20°S, lon=43 °W and lat=7°S, lon= 39°W) with values between 7 and 40 metres. 

This time-dependence of this uplift can be observed in the following figures, where the 

evolution of the forebulge from the Cenozoic is plotted . 

Time-dependence evolution of continental uplift due to the forebulge along the 
eastern margin of So uth America (lat= 20°S, lon= 43°W) du ring the Cenozoic 
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Time-dependence of continental uplift due to the forebu lge along 

the eastern mru·gin of South America (lat=20°S, lon= 43°W) during the Cenozoic 
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Figure 4.124 Time-dependent of continental uplift due to the forebulge along the 

eastern margin of South America (lat=7°S, lon= 39°W) during Cenozoic 

In comparison to the uplift described above, sorne portion of the continent such as in, 

Venezuela, Guyana, Surinam, French Guyana, Brazil, Uruguay and Argentina showed 

greater elevation changes in sorne interval of ages. These elevations are swnmarized 

in Table 4.9. 
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Table 4.9 Maximum Forebulge (uplift) over the Cenozoic in the eastern region of 

the continent of South America. (Blanck sections indicate that there was no uplift in 

the area during the time period) 

Country 
Quaternary- Miocene- Oligocene- Eocene- Paleocene-

Pliocene Pliocene Miocene Oligocene Eocene 

Venezuela 10,09 31,01 

Guyana 12,31 

Surinami 12,46 

French 
18,95 31,76 

Guyana 

Brazil 
10,78 36,96 22,81 36,93 20,95 
11,35 37,26 29,66 45,4 20,17 

Uruguay 37,78 30,23 43,94 20,14 

Argentin a 33,02 22,07 

In Table 4.10 we surnmanze the age-dependent relation that exists between the 

maximun sediment-induced offshore depression (the foredeep) and the resulting 

continental uplift (forebulge) during Cenozoic. 
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Table 4.10 Summary of Maximum Foredeep and Forebulge Amplitudes dming 

Cenozoic 

Flexural 
Age Forebulge 

Depression 

Pliocene-Quaternary 19.58 -52 1.9 

Miocene-Piiocene 39.04 -101 6.42 

0 ligocene-Miocen e 30.86 -71 2.93 

Eocene-Oiigocene 46.62 -831.52 

Paleocene-Eocene 2 1.49 -375.42 
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Table 4.11 Flexural Foredeep and forebulges amplitudes ofPrimary Rivers 

River mouth Latitude Longitude 
Flexure-Forebulge (m) 

Pliocene- Miocene-

Quaternary Pliocene 

Magdalena u·N 74SW 
-35,65 -110,58 

8.83•N 62•w 
-5,04 11,17* 

Orinoco 
8.83•N 61.83·w 

-12,35 2,23* 

oss sosw 
-15,17 2,68* 

Amazon 

oss s1·w 
-6,07 10,1 * 

Confluence Uruguay-
34,16 s8,s·w -1,32 0,68* 

Parana Rivers 

Mar del Plata 34,s·s s8·w 
-5,47 -12,99 

Negative values indicate flexural depression. * Forebulge or uplift 



4.6 Where does the sediment come from? 

South America has an extensive drainage network. Its primary rivers include the 

Magdalena River (Colombia), the Orinoco River (Venezuela), the Amazon River 

(Brazil) and the Mar del Plata River in Argentina. These ri vers are in charge of draining 

and transporting the continent's sediments, which flow into the Caribbean Sea and the 

Atlantic Ocean, and deposit on the continental shelf of South America. 

It is important to point out that the sediment flow reaching the coastal zone depends on 

geomorphological, tectonic, geographical and geological characteristics, as well as the 

anthropogenic factors of the area (Mill iman and Syvitski, 1992; Syvitski et al, 2005a, 

b; Syvitski and Milliman, 2007). 

Below we will discuss some of the primary ri vers that make up the zones into which 

the continent of South American has been divided for this study. These rivers can be 

seen in the map of the figure 4.125, which shows the drainage basins and their 

respective main river. 

In Zone I, the Caribbean Zone, the main river that flows into the Caribbean Sea is the 

Magdalena River. 

4.6.1 The Magdalena River 

The Magdalena is born in the Colombian massif of the Andes Mountain Range at an 

altitude of3300 m and it is one of the largest rivers in Colombia, with a length of 1612 
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km, draining an area of 257,438 Km2 (Kettner et al 201 O)(Figure 4.126) . According 

to the sed.iment deposits extending into the Magdalena Valley, the initial age of the 

river is the Late Miocene. (Potter 1997) 

Major River Basins of South America 
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Figure 4.125 Major River Basins of South America. The figure shows the four 

principals hydrographie basins and their respective rivers. The Magdalena ' s basin is 



136 

represented by red color, the Orinoco's basin is represented by the green color, the 

Amazonia basin is represented by the color orange and lastly, The Mar del Plata basin 

is represented by purple color. 

Sediment load and production depend on climatic factors such as precipitation and 

evaporation, and hydro-geological factors such as runoff and water discharge. The 

average water discharge from the Magdalena River is 7200 m3s- 1• Average discharge 

in March is low at 4068 m3s-' (Restrepo & Kjerfve 2000), during the dry season 

characterized by low rainfall from December to March and June to September 

(Restrepo et al. (2006a)) and high at 10287 m3s- 1 in November (Restrepo & Kjerfve 

(2000) during the rainy season characterized by heavy rainfall from March to May and 

October to November (Restrepo et al. 2006a) . 
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Figure 4.126 Magdalena River Basin. Taken :from Restrepo & Kjerfve (2000) 

Based on the seasonal distribution, the Magdalena has two periods of high sediment 

Joad measured at the Calamar Station (located 112 km upstream :from the Caribbean) 

with values of690x103 t day-1 and 678x103 t day-' during the months ofNovember and 

December, and 443xlü3 t day-1 during the months of June and July. (Restrepo & 

Kjerfve 2000) 

According to Restrepo et al (2006b) this river has the highest sediment yield at a value 

of ~560 t km-2 yr-1 for the 257,438 km2 basin, yielding 144 x 106 t yr-1: the arumal 

sediment load transported to the ocean. 

This river drains the Andes, the active orogenie mountain range characterized by its 

high relief (>5000 m) and intense volcanic and seismic activity. In addition, the 

tributaries of the Magdalena Basin drain the three mountain ranges that make up the 

Andes mountain belt, which are separated by the Magdalena and Cauca Valleys. 

(Kettner 2010) 

Two of the main ri vers in Zone II are the Orinoco and the Amazon Ri vers. 

4.6.2 The Orinoco River 

The basin of the Orinoco River covers approximately 1.1 xl 06 km2 of no11hern South 

America. The basin consists of approximately 35% ofthe Guyana Shield, 15% of the 

orogenie belt of the Andes and coastal mow1tain ranges and finally 50% of the Eastern 

Plains of Colombia. (Warne A.G.et al 2002). (Figure 4.127) 
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The development of the Orinoco River system is strongly influenced by the Andean 

Oro geny, which began in the late Oligocene and peaked in the Pliocene. (Warne A.G.et 

a12002) 

The estimated arumal average suspended sediment input of the Orinoco River at the 

Ciudad Bolivar Station is approximately 150x 10 6 tons per year (Meade et al 1990). 

In the Orinoco River, the concentration ofsuspended sediments reaches two minimums 

and two maximums per year. The minimum concentration nearly matches the 

minimum and maximum water discharge. The maximum concentration occurs during 

the increases and drops in water discharge. 

Meade et al (1990) have pointed out that the total sediment input in the ocean cornes 

from the h·ibutaries that drain the Andean Mountain Range. These tributaries, such as 

the Guaviare River and the Meta River contribute about 20% and 50% respectively of 

sediment discharge to the Orinoco River and drain the Andes and the Plains regions in 

Co lombia. In addition, an1ong the ri vers that drain the eastem part of the Venezuelan 

Andes is the Apure River who contributes about 20% of sediment discharge, wh ile the 

Caura and Caroni Rivers in Venezuela drain the Guyana Shield and contribute less than 

5% of sediment discharge to the Orinoco River. (Figure 4.129) 
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Figure 4.127 Orinoco River Basin. Taken from Warne et al., (2002) 

4.6.3 The Amazon River 

139 

The Amazon River is the largest river in the world, in terms of water discharge with 

values of 100,000 - 220,000 m3 s·' and is also one of the three largest ri vers in the 

world in terms of sediment discharge, with values of 13x108 ton y· '. (Milliman & 

Meade, 1983). It is born on the western ridge of the Andes, with a length of 



140 

approximately 4000 km from Peru to the Atlantic Ocean, flowing through different 

forms of reliefs and depositing sediments from the river itself as well as from its 

tributaries in river features such as floodplains, sandbars and fluvial terraces (Meade, 

1994) 

The Arnazon basin ex tends to the eastern flank of the Andes mo un tain chain, and the 

mountainous relief and erosion associated therewith increases sediment discharge 

significantly (Nittrouer & Brunskill 1995). (Figure 4.128) 

The rainy regions are found in the northeast and north west of the Arnazon Basin with 

more than 3000 mm/year. The area that makes up the northeastern section of the Basin 

is covered by the Arnazon Delta near the Atlantic Ocean, while the northwestem 

portion of the Basin is made up of Colombia, the northern Amazon in Ecuador, 

northeastern Peru and northwestern Brazil. These regions are exposed to the Inter­

Tropical Convergence Zone (ITCZ) (Espinoza et al 201 0). Similarly, the southeastern 

portion of the Basin, near the middle of the Sou them Atlantic Convergence Zone, has 

abundant rainfall. (Espinoza et al 2010, Lenters and Cook 1995). Rainfall decreases 

in the tropics, at values of 2000 mm/year in the southeastern region of Brazil, and 

approximately 1500mm/year in the Peruvian-Bolivian plains region and the Brazilian 

state of Roraima. The latter is sheltered from the humid flows from the Atlantic by the 

Guyana Shield. (Espinoza et al2010). 

Variations in water discharge from the Amazon River are closely linked to seasonal 

variations, so in mid-May, there is a maximum discharge of about 2.4x 1 05m3s-' and in 

mid-November, there is a minimum discharge of0.8x105 m3s- 1
• (Lentz, 1995a). 



141 

10 
ATLANTIC 

OCEA N 

r - · 
.! 
'·. OlJYA.Ar!A 
lF) 

.,, .. , G,.u . .t.'y A \1 A ) ··- .... _ : /,. 
i S H 1 E": L 0 

'" -· \ 
COLOM IliA 

~' .. ....,. __ .. .. 

10" .,. 

·~. 

/ 
,s • .L------~~~~--~------~~----~=-------~---75" 70" 65" so• ss• so• 

Figure 4.128 Amazon River Basin. Taken from Meade (1994). 

This has a strong influence on the sediment input in the oceans. In the Amazon River, 

discharged sediments are trapped on the shelf and transported to the north west. These 

sediments dominate the shelf and the coastline at around 100 km (Nittrouer & 

Demaster, 1986). Every year, the Amazon continental shelf accumulates 

approximately one quarter billion tons of sediments (Kuehl et al. , 1986a). The majority 
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of suspended sediments originates in the tectonically active regions of the Andes. 

(Meade, 1994) 

A large portion of the sediments come from the tributaries that drain the Andes, and 

the variations in sediment discharge are the result of the flow variations in these 

tributaries, as well as the accumulation and release cycles of the river bed (Meade et al 

1985). According to records of the Obi dos Measuring Station located 800, km from 

the · Atlantic Ocean, the sediment discharge transported every year is approximately 

1.3x109 tons . (Meade et al 1985). This is assurned as the amount discharged into the 

ocean (Nittrouer et al, 1995). 

Sediment transport studies of the Amazon continental shelf conducted by Kineke et al 

1996 revealed the presence of fluid mud as suspended sediment. The suspended 

sediment is also observed on the coast of Guyana and Suriname (Well and Coleman, 

1981 ). This shows sediment migration due to factors such as wind-generated waves 

(Gratiot et al. , 2007). 

Zone III is strongly influenced by the drainage basin of La Plata River: 

4.6.4 La Plata River System 

The Rio de la Plata system is one ofthe major rivers in the world . It has a basin area of 

approximately 3.1x106 km2, 45.6% ofwhich is in Brazil, 29.7% in Argentina, 13.2% 

in Paraguay, 6.6% in Bolivia and 4.8% in Uruguay (OEA, 1971). Rio de la Plata is 

located on the eastern coast of South America between 34° S and 56°20' S and between 
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55°W and 58°30' W. It is 320 km long and its width ranges from 38 km in the upper 

region to 230 km at the mouth, between Punta Rasa and Punta del Este. (Framifian and 

Brown, 1996). The main tributaries are the Parana River and the Umguay River. 

(Figure 4 .129) 

This system transports water and sediments from the interior of the continent and flows 

into the Atlantic Ocean. It con tri butes a total of 70x 106 metric tons of dissolved sol ids 

to the southeastern portion of the Atlantic Ocean, 71% of which is provided by the 

upper basin of the Parana-Paraguay River. A total of 129x1 06 metric tons of suspended 

solids are transported to the Atlantic Ocean, 68% of which is provided by the upper 

basin ofthe Parana-Paraguay River. (Depetris and Griffin, 1968) 

One of the most important tributaries of Rio de la Plata is the Parana River. It is born 

at the confluence of the Grande and Paranaiba Ri vers and is 4000 km long. Its main 

tributaries are the Paraguay, Iguazu and the Paranapanema Rivers. (Camilloni and 

Barros, 2003). The area of the drainage basin is 2.6 X 106 Km2 and it is made up of 

the Andes mountain range, the Eastern Plains, Chaco-Pampa Plain, Jmassic­

Cretaceous Highlands and the Brazilian Shield. (Iriondo 1988). 

Basin climate is tropical to subtropical with an average annual rainfall of 1200 nun 

(Stevaux 1994). Rainfall varies depending on the season and ranges according to 

latitude and location within the basin. In the west, rainfall in the sub-basins amount to 

700 mm per year, while in the east on the coastal mountain range, values reach 1800 

mm per year. (Pochat 2010). 
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La Plata hydrographie Basin. Three hydrological units can be 

differentiated: Parana River, Paraguay River and the Uruguay River. Taken from 

Sallun & Suguio, (2010) 

Considering discharge, the river has an average annual flow rate of approximately 

17,700 m3s·' _ (Po chat 201 0). Annual discharge of suspended sedimentary Joad into the 

Atlantic Ocean at the mouth of the Parana River is estimated at approximately 200x106 

tons (Iriondo 2004, Depetris & Griffin, 1968). Studies conducted by Orfeo & Stevaux 

(2002), in the upper and middle segments of the Parana River indicate suspended 

sediment values of 118.7 x106 tons year·' and an annual bed load discharge (sand, 

pebbles and stones) of39.7 x 106 ton yeru··'. 
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This river drains the central-southern regions of South America from the edge of the 

Andes Mountain range to the Serra do Mar. The sediments flow into the Parana River 

from the Bern1ejo River, transported from the Andes mountain range (Orfeo and 

Stevaux, 2002). The basin consist of sedimentary and volcanic rocks and come from 

the eastern ridge of the Andes and the Brazilian Shield in the north and east. (Ste vaux 

1994). 

The large amow1t of sediment transported by the Paraguay River that reaches the 

Parana River through the tributaries such as the Bermejo, Uruguay and La Plata Ri vers 

give rise to the formation of the Parana River Delta. (Pochat 201 0) 

The Uruguay River is the second most important in the Rio de la Plata Basin with a 

length of approximately 1600 km. The area of the drainage basin is 365,000 km2 

(Krepper et al. , 2003). This River bas headwaters in Sierra do Mar and Sierra Gerai, 

near the Atlantic Ocean. Rainfall ranges from 1500 to 2000 mm in the upper basin, 

near the Santo Tome Station and drops to 1000 mm at the confluence (Garcia & 

V argas., 1996). The suspended-sediment Joad at the Uruguaiana station (lat -

29.750000; lon -57.083330 (Hidroweb.ana.gov.br) on the Uruguay River, was 

estimated to be 3.59x1 06 t year- 1 (Furquim et al , 2005) 

4.7 South An1erican Ocean Currents 

Ocean currents are organized flows and water mass displacements caused by wind 

action and differences in temperature and salinity. They originate in geographie areas 

such as Equator or near the Poles, where they may be cold or warm. Between the main 

cunents in the South Atlantic Ocean that influence water flow and sediment transport 
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along the east coast of South America, we found: The Falkland Current, the Brazil 

Current, the North Brazil Current, the Guiana Current and the Caribbean Current. 

(Figure 4.130) 

Map of the Principal South-American Oceanic Currents 
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Figure 4.130 Map of the principal South-American oceanic Currents. 
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The Falkland Current is an arm of the Antarctic Circumpolar Current that flows north 

through the continental slope of Argentina at approxirnately 38°S (Matano et al. ,2010) 

where it reaches the Brazil current offshore from La Plata River (Figure 4.130 and 

Figure 4.131). These currents converge, creating the Brazil-Falkland confluence, 

which falls between 33-38°S along the continental shelf of Brazil, Uruguay and 

Argentina (Oison et al, 1988), where one of the greatest eddies of the ocean is 

generated. (Palma et al 2008). The waters originate in the southeast Pacifie, penetrating 

the southeast Atlantic through the Strait of Magellan, where it reaches the Falkland 

Current with a strong influence on the Patagonian Sea. (Piola & Falabella, 2009). 

During the austral winter in the months from July to September, the Brazil-Falkland 

confluence tends to move to the north, while in the months from January to March, 

during the austral surnmer, it maves to the south. (Piola & Matano 2001). The above 

is due to the annual evolution of the winds which involve the subtropical basin. 

Studies conducted by Palma et al (2008) infer that the transport of the Falkland CmTent 

at 45°S is 67Sv (Sverdrup, where 1 Sv= 1 06m3s-1) , decreasing at 42°S with values of 43 

Sv, down to values of 31 Sv near 39°S. 

In addition, the waters flowing toward the Brazilian coast flow from the South 

Equatorial Current (SEC), which divides at approximately 15°S into two main arms, 

giving rise to the North Brazil current and the Brazilian current. (Souza et al , 2011.) 

The Brazil Current is an extension of the South Equatorial Current, which is divided 

between latitudes 7° and 17°S, depending on the time of year, and flows parallel to the 

southeast and south platform of Brazil, meeting in the form of meanders offshore. 

(Figure 4.129 and Figure 4.130) (Pirnienta et al, 2005). Between 29° and 37°S ofthe 
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Southern Subtropical Zone, the weather is in:fluenced by the Tropical Atlantic and Polar 

Atlantic air masses . In addition, the zone is characterized by the presence of the 

Southwest Atlantic Convergence Zone (SACZ), upwelling currents (Coastal and shelf­

edge upwelling), nutrient-rich waters of South Atlantic Central Waters (SACW) and 

the input from the continent through La Plata River and the Estuary Patos lagoon. 

(Souza et al , 2011). Near 35°S, off the Uruguay shelf, it rw1s into the Falkland Current 

and they curve to the east (Brazil-Falkland Current) where they join the Southern 

Atlantic CwTent. (Boisvert, 1967). The strength of this cmTent is due to the strength 

of the Southern Atlantic Equatorial CmTent, which depends on the season of the year. 

The current is more intense in July and August. (Boisvert, 1967) 

Figure 4.131 Malvinas Current and Brazil Current. Taken from Matano et al. , 

(20 1 0) 
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Just as the winds play an important role in the currents of the Southern Brazil shelf, 

mechanisms such as upwelling currents, eddy behavior, meandering processes and 

rotary currents are highly important components in controlling material transport in the 

area through which the Brazil Current flows. (Pimienta et al 2005). Similarly, Souza 

et al (20 Il) suggests that the meanders of the Brazil Current in form of eddies may be 

the most important mechanism contributing to the exchange of waters between the 

coastal shelf and the open ocean. These exchanges occur by means of the transport and 

mixing of different bodies of water. Furthermore, the rotary currents caused by tide 

activity may also be important for flow estimates through the shelf. 

Simulations with winds and different discharges from La Plata River carried out by 

Pimienta et al (2005), demonstrated that the persistence of the winds along with a 

strong upwelling component are likely to be an effective mechanism in dispelling the 

Plata Plume and also in transferring shelf waters to the ocean. These upwelling 

currents, like the coastal upwelling, make the southeastern-southern part of the Brazil 

shelf more productive, in addition to dislodging major terrigenous sediments and 

organic matter contents as a result of the upwelling processes. 

Last but not !east, the tropical surface waters of the Brazil CUITent assist the water flow 

and transp011 sediment from rivers such as the Sao Francisco and medium ones such as 

the Requitinhonha, Doce, Mucuri and Paraiba do Sul these sediments are captured in 

the interior shelf of the current's area of confluence. (Souza et al 20 Il). 

On another note the N 011h Brazil Current, one of the main currents flowing along the 

eastern coast of South America, is a western boundary CUITent originated in the South 

Atlantic (Barbie et al, 2003), which transpo11s warm waters from 5° S (Philander 2001) 

(Figure 4.132). The waters of the South Atlantic cross the equator through this Not1h 
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Brazilian current in the form of rings (Fratantoni and Richardson, 2006) , retroflection 

eddies (Richardson et al. , 1994) where the waters flow northeast through the 

continental shelf of South America, (Dessier and Donguy, 1994, Candela et al , 1992). 

In turn, the flow ofthese waters is divided on the way to the northern hemisphere and 

along the coast of Brazil , continuing to the south of the current. (Philander 2001 ). 

Between 7° and l7°S, this current is strongly influenced by an Equatorial Atlantic Air 

Mass (EAM) and the Inter-Tropical Convergence Zone (ITCZ). (Souza et al, 2011 .) 
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Figure 4.132 Map of the principal Oceanic Currents in the Atlantic Ocean 

between July and September, where the North Brazil current retroflects and goes 

eastward flowing in the North Equatorial countercurrent. Taken from Philander 

(2001). 
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When the waters from the North Brazil Cunent flow through the South American shelf 

at 5° N, they join the Guiana Cunent (Philander 2001) (Figure 4.132). The waters 

flowing in this cunent are strongly linked to the freshwater discharges of the Orinoco 

and Amazon Rivers (Morrison and Smith, 1990). 

In the Amazon Plw11e, the waters flow and extend to the ocean cunents and, depending 

on the time ofyear, the water either extends or changes direction. So from January to 

June, the water extends to the northwest that is to say, it goes to the Caribbean. In earl y 

May, the Amazon Water Plwne is deflected to the east in the North Brazil Current 

Retroflection (NBCR). Between July and October, nearly half of the water from the 

Amazon Plwne is deflected to the northeast by the North Brazil Current Retroflection 

(NBCR) (Lentz, 1995b) (Figure 4.132). Here, the rate of the North Brazil Cunent is 

linked to the season, with a maximum from August to September and a minimum in 

April (Nittrouer et al , 1995). 

In addition, the duration of the water and sediments in the Amazon Plwne also depend 

on easterly trade winds, which increase the flow along the shelf associated with the 

North Brazil Current when they blow from the southeast, and may inhibit it when they 

come from the northeast. (Lentz, 1995b). Winds are generally strong from January to 

March when they come from the northeast onshore, while they are weak: from Jtme to 

November, blowing along the southeastern shelf. (Nittrouer and Demaster, 1995) 

The above comments show that the waters flowing along the Amazon Plwne, as well 

as the sediments transported thereby, are likely driven by ocean cunents. This can be 

analyzed by the studies conducted by Richardson et al, (1994 ), in which, based on the 

observation of salinity near the coastline, they demonstrated that a high percentage of 

the water from the Amazon Plwne is taken to the northeast by the Guyana Current. 
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Discharge from the Amazon and Orinoco Ri vers contributes a high percentage of fine­

grained sediments. These sediments are deposited along the East Coast of South 

America between Venezuela and Brazil, giving rise to the formation of mud banks. 

Studies conducted by Gardel and Gratiot (2006) show the presence of mud banks on 

the coasts of French Guiana, Suriname, Brazil and Guiana, where the mud banks have 

been moved and migrate due to the action of certain processes and forces. This is why 

Alli son et al ( 1995) suggest that the cunents generated by trade winds, tidal currents 

and waves play an important role in sediment migration, maintaining suspended 

sediments in the coastal zone. 

Similarly, Gratiot et al (2007) indicated that mud migration is caused by geostrophic 

forces associated with ocean currents such as the Guyana Current. lin addition to its 

relation to the NE tidal currents, as well as factors su ch as the effect of the wind force 

with an impact on the coast, the energy wave and the generation of compensatory flows 

to the northwest due to N - NE winds during the trade wind season. 

Finally, waters from the Guyana Current follow their course, extending to the 

Caribbean Current (Gordon 1967) (Figure 4.132). This major cunent transports water 

from the South Atlantic through the Caribbean. According to Chérubian and 

Richardson 2007, waters flowing from the South Atlantic Ocean up to 14°N in the 

Caribbean are transported by the rings of the North Brazil Current (NBC), which go 

through the windward Islands Passages, the Leeward Island passages and the Greater 

Antilles passages up to the Caribbean Sea. When these waters flow through the various 

passages, they do so through the Yucatan peninsula and continues into the Gulf of 

Mexico, exiting through the Florida Strait at a rate of 30x106 m2s-1. (Schrnitz and 

Richardson, 1991 ). In the Southern Caribbean, this cunent reaches an average speed 

of approximately 60cms- 1 (Mol inari et al , 1981 ). 
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According to the UNEP et al. , (2006), the Magdalena River is the main source of 

discharge in the Caribbean, as well as the Orinoco River, which drains into the Atlantic 

Ocean, but has a significant impact on the southern shores of the Caribbean, due to the 

major impact of the ocean currents. 

Other source of fresh water that strongly influence the Caribbean Sea is the Amazon 

River, where the discharges go to the tropical Atlantic Ocean and are conveyed to the 

Caribbean Sea. (Chérubin and Richardson. 2007) 

Studies by Muller-Karger et al 1988, show the influence of the Amazon and Orinoco 

Rivers on the Caribbean sea, suggesting that water from the Amazon River is usually 

dispersed NW, parallel to the coast, during the months of June and July, entering the 

Caribbean Sea through the Min or Antilles. Whereas in the second half of the year, the 

waters from the Amazon Plume flows around the North Brazil Current Retroflection 

and at the san1e time is directed in the form of meanders by the North Equatorial 

Counter CmTent (NECC). Similarly, the discharge from the Orinoco River flows into 

the Caribbean Sea after being transp01ted and passing by Trinidad and Tobago, and is 

dispersed E and NE by the Ekman Drift, which is generafed by trade winds. (Muller­

Karger et al. , 1989) 

The above is demonstrated by the studies of Hu et al, (2004), where using colored water 

patterns such as Chlorophyll (Chl), colored dissolved organic matter (CDOM) 

correlated with salinity maps in the area, it is shown that discharges from the Orinoco 

and Amazon Rivers reach and influence the waters from the Caribbean sea depending 

on the season of the year. Therefore, in the months of July and August, the Amazon 

Plume goes NW through the Minor Antilles, while the freshwater plume of the Orinoco 
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river extends through the months of September through November, with a high 

discharge value in August. 

In addition, Chérubin and Richardson (2007), by means of Sea Surface Salinity (SSS) 

maps, Colored Dissolved Organic Matter (CDOM) Maps, Surface Drifters and data 

from Sea-viewing Wide Field of View Sensor (Sea WiFs), demonstrated the 

development of the Caribbean Current is correlated to the influx offreshwater from the 

plumes of the Amazon and Orinoco Ri vers. 

In the case of the Orinoco River, its maximum discharge is in August, extending the 

plume to the north to later merge with the remnants of the Amazon Plume. Between 

August and November, the freshwater plume of the Orinoco River arrives at and 

dominates the eastern portion of the Caribbean with low salinities, Chérubin and 

Richardson (2007). 

According to Field (2005), the arrivai offresh water is linked to the increase in surface 

temperature. Chérubin and Richardson (2007), correlated salinity with temperature and 

inferred that low salinity and temperature quality aid to accentuate the density front; 

the above intensify the Caribbean Current. 

Last but not least, the complete rotation of the N-S circulation gives rise to the flow of 

warm surface water to the North. Returning a flow of deep cold water to the South, 

giving rise to beat transport from the South Atlantic that goes to the North Atlantic. 

(Philander 2001 ). 

Finally, we can say that part of the sediments have been accumulated in South­

American continental margin, and are given by the fluvial systems. According to 
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Milliman & Syvistski (1992), the rivers are considered as the principal channel that 

conducts the sediments towards the Coastal Ocean. Likewise, Milliman & Farnsworth, 

2011 indicated that the majority of sediments and partiel es of organic matter that enter 

to the ocean are transported by tropical rivers. In addition, Syvitski, (2003) suggests 

that the sediments that strean1 toward the ocean are coming from the rivers, which 

represents around the 95% of the global flow of sediments to the ocean. These 

sediments that are transported are coming from the erosion occmred in range of 

mountains like los Andes and geographical regions like La Patagonia and the Escudos 

of Guyana and Brazil. 

In the moment in which the ri vers flow into the oceans, the fresh water is diffused over 

the salty water of the ocean, which is denser, given place a circulation pattern which 

will allow the initial development of plume. Further, taking into account the plume 

hydrographie paran1eters, such as: direction, speed, thickness and width that along with 

the speed of the sediments settling will determine where the river' s sediments will 

discharge that will reach the seafloor. (Hill et al. , 2009) These sediments will extend 

to the ocean and will acquire a behavior of sediments that according to Swift & Thome 

(1991) are regulated by fom variables, which are: sediment input rate, size of the given 

grain, change of the relative level of the sea and transpm1ation of dispersed sediments. 

For this reason, it is a function of the potential of the tides, waves and the currents. As 

a result, the relation between sediment input rate and currents, tides and waves are 

fundamental to control the platforrn of sedimentation. 

On the other band, in the Amazon' s continental platform where different process like 

the big releases of water with sediments that proceed from the Amazon River, the 

oceanic currents and the great physical energy that liberate the tides and the winds are 
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impacting enormously the distribution of sediments in this area and the process that 

occurred in the oceanographie coast. 

Furthermore, oceanic process that take place such as flow of plume of the Amazon 

River and the creation of superficial waves of gravity are influenced by the Easterly 

trade winds. With that being said, when the winds blow towards the north, the plume 

is expanded over 200 km, while when the winds are going towards the south, the flow 

increases towards the north and the width of the plume decreases. (Nittrouer & 

Demaster, 1995). According to Nikiema et al , 2007, the structure and flow of the 

Amazon plwne are strongly influenced by the North Brazilian Current. Consequently, 

this interaction causes that the Amazon system of dispersion continues towards the 

north. (Lentz, 1995b, Flagg et al. , 1986). That is to say, the previous processes are very 

important to the diffusion of the release of freshwater and suspended sediments of the 

Amazon River in the South-American Continental Platform. (Nikiema et al , 2007). 

Additionally, from the N01th Brazilian current, the Guyana' s current continues 

transporting the sediments of the Amazon River toward the northeast throughout the 

coast. (Warne et al. , 2002). These sediments have been transported and deposited all 

the way through the Guyana Coast by two principal processes: migration of the mud 

bank and mud cape accretion (Allison et al. , 2000). The mud banks migrate by the 

combination generated between the current of Guyana that come from the East and the 

waves that are generated by the Trade Winds coming from the northeast where the 

waves shake, suspend and transport the mud towards the west-n01theast. (Wells & 

Coleman, 1981). Lastly, the Amazonian sediments arrive until the Orinoco Coast, 

reaching around 1.0 X 108 tons/yr. of sediments, which are transported by the Guyana 

Current (Warne et al. , 2002) 
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Correspondingly, studies done by Piola et al. , (2005) and Huppertz et al. , (2011) 

suggest that the sedimentation in the Argentina-Uruguay's North platform is 

principally governed by the plume of River La Plata where the sediments like bed load 

are trapped in the estuary (Violante & Parker, 2004), while the mud is transported 

towards the sea throughout the shoreline, where it mixes with platform waters (Piola et 

al. , 2005). In addition, the sediments come from River La Plata. The sediments come 

from its rw1off of the Patagonia and of the Antarctica, which are transported by the 

platf01m currents that act in the area (Mahiques et al. , 2008) this means that the 

influence by the oceanic circulation caused in the zone of confluence Brazil-Malvinas. 

In the final analysis, it can be said that the patron of circulation of the oceanic currents 

have influence over the sediments. According McCave (1985), the transportation of 

sediments inside of an oceanic current to a scale of time of thousands of years gives 

the opportw1ity to build the contourite depositional sequences, which are closely 

related to a specifie oceanic current. (Stow et al , 2002) 



CHAPTER V 

DISCUSSION 

Based on the integration of the data and analyses set out above, over the course of the 

last 65 million years ago, South America has experienced substantial uplift on the 

Caribbean and South-Atlantic margin caused by the weight of the sediment deposited 

offshore. A clear example is the Amazon Fan where the flexure caused by the weight 

of the sedimentary load during the Miocene to Present generates a forebulge of 34.41 

meters. These results are consistent with the studies conducted by Driscol & Karner, 

(1994 ), who predicted forebulge amplitudes between 25-50 meters, which are the result 

of the load exerted by the sediments accurnulated on the Amazon Fan in the Middle 

Miocene to Present. The values of Driscol & Karner (1994) were obtained using an 

elastic thickness of 3 8 km, a constant sediment density of 2450 km/m3, a Young 

Modulus of 6.5x1 010 Pa and Poisson' s ratio of 0.25. 

It is important to pointed out that the amplitudes identified near the Amazon Fan, at 

1.5°N and 52.5°W, reaching values of 50.23 meters in the Miocene, 22.85 meters in 

the Pliocene and 8.75 meters in the Quaternary, which suggests an increase in uplift 

amplitudes with regard to the studies by Driscol & Karner (1994). 

Sirnilarly, the sediments deposited in the offshore basin of Sergipe-Alagoas cause 

deformation in the area, generating uplifts along the coastal margin, in the states of 

Sergipe and Alagoas. At 11.5° South Latitude and 39° West Longitude onshore, the 

uplift generated during the Paleocene-Quaternary interval was 54.42 meters. It is of 
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interest to compare this value to that obtained by Da Silva et al (1999), in the same 

location, where they show that the continental region was lifted 230 meters during the 

period of total thermal subsidence that started in the Al bian. This value was obtained 

using an elastic thickness of 20 Km. When using an elastic thickness of 40 kn1, the 

above value of the amplitude of the flexural bulge decreases to approximately 10% to 

207 meters. We also note that at sites further inland, such as for example at 11.5° South 

Latitude and 40° West Longitude, the uplifts increase, reaching values of 103.23 meters 

for the Paleocene-Quatemary interval . 

The comparison with the Da Silva et al. , (1999) results for uplift reveals evident 

differences, and we may in part attribute this to differing estimates of the accumulated 

offshore sediment load, and in part to the greater time interval they considered (the 

Al bian corresponds to ages between 100 and 113 Ma). However, the topographie 

changes are obvious, which result in the modification of the geomorphology of the 

coastline and, in turn, changes in the small drainage networks as inferred by Da Silva 

et al, (1999). 

Changes in coastal and inland topography due to uplift driven by offshore sediment 

loading lead to geomorphological modifications that also result in the reorganization 

of the drainage systems. One example is the drainage system of Pamaiba do Sul in 

Brazil, where the lifting of the Serra do Mar coastal mountain ranges during the Late 

Cretaceous strongly affected the organization of the system and influenced the filling 

his tory of the Santos Basin, which was ·the most significant event in the stratigraphie 

evolution of this Basin throughout the Late Cretaceous and the Tertiary. During the 

Late Cretaceous - Paleocene, the sediment flow from the ancestral Parnaiba do Sul was 

concentrated in the Northern and Central portions of the Santos Basin. Millions ofyears 

later, in the Early Oligocene, there was a transgression and a sea leve! highstand, where 
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the ancestral Parnaiba do Sul changed direction, flowing into the Nmihem portion of 

the Campos Basin. This change in direction is reported as a thick sequence of marine 

shale that overlaps deltaic marine sands. (Modica & Brush, 2004). 



CHAPTER VI 

CONCLUSIONS 

The main pmpose of this research was to develop a flexmal model of the South 

American continent, in order to contribute to the knowledge of the temporal evolution 

of its topography dming the past 65 million years. The flexmal response was calculated 

numerically using a spectral treatment of the equations, based on the spherical 

harmonies. The lithosphere was treated as a thin elastic plate having long-term rigidity. 

The corresponding flexmal rigidity was determined using an elastic thickness of 40 km 

and 80 km in some cases (Quaternary and Pliocene). Based on the above, the main 

results stemming from our analysis of the flexural response of the South American 

continent and offshore margin due to marine sediment loading are as follows. 

The accumulation of offshore sediment loads induces the lifting of the continent 

that is known as forebulge. The existence of this forebulge is a unique consequence 

of the assumed long-tenn elastic strength of the lithosphere. It was observed that 

since the Quaternary and since the Pliocene, the South American continent is raised 

from 2-4 meters and 6-11 meters, respectively. These uplifts increase due to the 

greater sediment Joad deposited since the Miocene and Oligocene, with elevations 

between 21-25.5 m and 30 -37, meters respectively. Likewise, since the Eocene 

epoch the uplift increases with elevation to 60 meters. Finally, since the Paleocene, 

the continent experiences uplifting between 65 and 71 meters. The above values 
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are the representative of a continent-wide summary. The eastern portion of South 

America shows greater uplift of 4.54 [4.6] meters since the Quaternary , 11.46 [ 

11.59] meters since the Pliocene , 32 meters since the Miocene , 44.95 meters since 

Oligocene, 68.15 meters since the Eocene and 79.28 meters since the Paleocene. 

In turn, certain areas of sorne countries such as Colombia, Venezuela , Guyana, 

French Guyana, Surinam , Brazil, Uruguay and Argentina exceed the values set 

forth above, these values can be observed in Tables 4.4, 4.5 , and 4.7. 

The uplift experienced by the eastern part of South America contributes to an 

overall NE -SW tilt of the continent. 

The results of the flexural depression and of the forebulge obtained for the 

Quatemary period and the Pliocene epoch using an effective elastic thickness of 80 

Km, differs little with the results obtained using an elastic thickness of 40 Km. The 

maps in the figures 4.27 and 4.28, as well as the values obtained from the flexural 

depression in offshore points show no significant change (see Appendix D and 

graphs 4.29 to 4.64). Likewise, the uplift in the continental interior at these times 

show that since the Quatemary, the continent was elevated 2.86-4.54 [2.87-4.59] 

meters and sin ce the Pliocene 8-11.46 meters [ 6. 91 -11.59 meters]. With the above, 

it is evident that there is no significant difference using an elastic thickness of 80 

· km. 

In the Quaternary-to-Paleocene interval, the South American continent experienced 

cumulative (i.e. time-integrated) maximum flexural depressions and maximum 

uplifting or forebulges with the following values: since the Quatemary , the greatest 

flexural depression was -309.04 meters [ -244.34 meters] which in turn induces a 

maximum uplift or forebulge of 11.93 meters [11.91 meters ] . These values 
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increased since the Pliocene reaching flexural depressions of -825.85 meters [-

652.08 meters] and inducing a forebulge of 31.51 meters [31.49 meters]. Since the 

Miocene, the flexural depression increases to -1725.42 meters and induces a 

forebulge of 64 meters. The flexural depression since the Oligocene increases to-

1967.28 meters generating a forebulge of 84.56 meters. Since the Eocene, flexural 

depression reaches -2591.75 meters and generates a forebulge of 131.27 meters. 

Finally, since the Paleocene, the maximum flexural depression created is -2966.58 

meters generating a maximum forebulge of 152.66 meters. 

The flexural depression experienced by the South American continent in the 

individual geological epochs comprised by Cenozoic Era shows the greatest 

flexural depression in the Miocene - Pliocene interval in zone I. The Pliocene -

Quatemary and Miocene - Pliocene interval show a greater flexural depression in 

zone II . The Miocene - Pliocene and Eocene - Oligocene intervals show greatest 

flexural depression in zone III. And finally , in zone IV, the intervals that show a 

greater flexural depression are Oligocene- Miocene and Eocene - Oligocene. The 

values are summarized in the Appendix E. 

• The above flexural depressions induce uplift in the continent of 1-4 meters in the 

Pliocene - Quaternary interval, and increases in the Miocene - Pliocene interval 

with 18-20 rneters. The Oligocene- Miocene, Eocene - Oligocene and Paleocene ­

Eocene intervals are characterized by an uplift of 11 -13 meters 20-23 meters and 

10 meters respective! y. Likewise, the eastern part of South America experienced 

uplift of 5-8 meters, 20-30 meters and 35 meters in the Pliocene - Quaternary, 

Miocene - Pliocene and Eocene - Oligocene intervals respectively. Sorne countries 

such as Venezuela, Brazil, Guyana, French Guyana, Surinam, Uruguay and 

Argentina, have higher uplift, which can be seen in Table 4.9. 
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The Pliocene- Quatemary interval experiences a maximum flexural depression of 

-521.9 meters inducing a maximum forebulge of 19.58 meters. These values 

increase in the Miocene - Pliocene interval -1016.42 meters of flexural depression 

and inducing a maximum forebulge of 39.04 meters. During the Oligocene -

Miocene interval, the flexural depression decreases reaching values of -712.93 

meters and generating a forebulge of 30.86 m. In the Eocene - Oligocene interval, 

the flexural depression increases from the previous age interval, reaching a flexural 

depression of -831.52 meters and inducing a forebulge of 46.62 meters. Finally, 

during the Paleocene -Eocene interval, the flexural depression is lower compared 

to the previous age intervals, reaching values of -375.42 meters and generating a 

forebulge of 21.49 meters. 

The flexural depression, caused elevation changes in the coastline and in the mouth 

of Ri vers. The results show that as a consequence of the sediment Joad transpo11ed 

by the Magdalena river, the mouth was depressed during the Miocene - Quaternary 

interval, with values offlexural depressions -173.13 meters in the Miocene, -62.55 

[-59.91] meters in the Pliocene and -26.9 [-25.77] meters in the Quaternary. At the 

mouth of the Orinoco River (8.83°N, 61.83 °W), the mouth was depressed -16.85 

meters in the Miocene, -19.08 meters [-63.4 meters] in the Pliocene and -6 .74 

meters [-24.24 meters] in the Quaternary. At the mouth of the Amazon River (05°S, 

51 °W), the flexural depression is -10.3 meters in the Miocene, -9.09 [-18.34] meters 

in the Pliocene and -3.03 [-6.44] in the Quaternary. The confluence of the Uruguay 

-Paranâ river is uplifted in the Miocene, Pliocene (Te= 80K.m) and Quaternary, with 

values of 0.31 meters, 6.42 meters and 0.95 [2.74] meters respectively. In the 

Pliocene (Te= 40 Km) it experienced a minor flexural depression of -0.37 meters. 

Finally, in Mar del Plata (34.5°N, 58°W), the flexural depressions were -18.99 
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meters in the Miocene , -6.01 meters in the Pliocene and -0.54 meters in the 

Quaternary . The Quaternary Period and Pliocene epoch using an elastic thickness 

of 80 km, provided small uplifting of 1.8 meters and 2.86 meters respective! y. 

• The results show that in the Miocene - Pliocene and Pliocene - Quaternary intervals, 

the mouth of the Magdalena River experienced flexural depressions of -110.50 m 

and -35.65 m respectively. At the mouth of the Orinoco River (8.83°N, 61.83°W) 

there was a flexural depression of -12.35 min the Pliocene- Quaternary interval , 

while in the Miocene - Pliocene interval it was 2.23 meters . The mouth of the 

Amazon River (0.5°S, 51 °W) experienced an uplift in the Miocene - Pliocene 

interval of 10.1 meters and later in the Pliocene - Quaternary interval there was a 

flexural depression of -6.07 meters. At the confluence of the Uruguay - Paraguay 

Rivers in the Miocene - Pliocene interval tlwre was a small uplift of 0.68 meters 

and later in the Pliocene - Quaternary there was a flexural depression of -1.32 

meters. Finally in Mar del Plata, the Miocene - Pliocene and Pliocene - Quaternary 

intervals experienced flexural depressions of -12.99 m and -5.47 m respectively. 

This research shows that the forebulge generated in the continental area, caused by 

the Amazonian fan in the Miocene -Present tin1e interval has a value of 34.41 

meters. This result is in agreement with the previous estimates from Driscoll & 

Karner, 1994. But at the same time, at a nearby site (l.5°N, 52.5°W) the forebulge 

increases, with values of 50.23 meters in the Miocene, 22.85 meters in Pliocene 

and 8.75 meters in the Quaternary. Likewise , the flexural uplift due to the 

accumulation of sediments in the Sergipe- Alagoas basin , has a value of 103 .23 

meters in the Paleocene - Quaternary interval. 
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The delivery of sediments from the continent to the ocean can be divided into two 

phases: the frrst, before the lifting of the Northern Andes, where the sediments 

come from the Shields of Brazil and Guyana, and are led by the ri vers Orinoco and 

Amazonas to the nmth of the continent. The second phase, with the lifting of the 

northern Andes, in middle -Late Miocene (Hoorn, 1993), where the flow of 

sediments of the Orinoco and Amazon Rivers path changes eastward and the major 

sediment provenance are derived from the Andes. 

Part of the sediments that have been accumulated on the continental margin of 

South America come from river systems. According to Milliman & Syvistski 

(1992) the rivers are considered as the main channel that conducts the sediments 

towards the Coastal Ocean. In the same way, Milliman & Farnsworth, (2011) 

indicate that most of the sediments and particulate organic matter entering the 

ocean are transported by tropical rivers. Another important component that 

contributes to the transport and distribution of sediments are ocean currents. 

Factors such as winds, upwelling currents, eddy behavior, meandering processes 

and rotary currents are in1portant elements that control the transport of material 

between the continental margin and the open sea, in the area where the oceanic 

current is flowing. (Pimienta et al 2005). 

The sediments that are found in the continental margins of South America are 

transported by the various rivers that make up the continent. First, the Magdalena 

River is a major vector for sediment transport into the Caribbean Sea. This river 

drains the three mountain ranges that make up Andes, so the provenance of the 

sediments come from this tectonic source in addition to the old craton (Figueiredo, 

2009) . Moreover, the Orinoco River traversing Venezuela and portions of 

Colombia, and the Amazon River traversing Brazil, both flow into the Atlantic 

Ocean. Sediments transported by the Orinoco River come from tributaries draining 
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the Guayana Shield, the orogenie belt of the Andes and the eastern plains of 

Colombia (Warne et al. , 2002). While, sediments carried by the Amazonas river, 

have their main source in the Andes. The sediments that are carried by Rio de la 

Plata, come from runoff from Patagonia. Fin ally, the sediments deposited on the 

continental margin of Argentina come from Antarctic, and are carried by currents 

following along the continental shelf oftrus area. (Mahiques et al. , 2008) 

As noted above, an impmiant motivation for determining topography changes due 

to marine sediment loading is to assess their importance with respect to other 

processes that contribute to the overall evolution of the topography and bathymetry 

of the South American plate. One such process is the dynarnic topography ofEarth's 

solid surface driven by the convective circulation in the mantle ( e.g. Moucha et al. , 

2008). What is the relative impmiance of these two different contributors to 

topography change? We can obtain an initial response to this fundamental question 

by considering recent calculations of the Cenozoic evolution of 3-D mantle 

structure using tomography-based, backward (i.e. time-reversed) convection 

simulations (Glisovié & Forte, 2014). 

• Convection-driven changes in the distribution of mantle buoyancy will directly lead 

to changes in the vertical stresses that maintain the dynamic topography of Earth's 

solid surface (e.g. Forte et al. , 1993; Moucha et al. , 2008). The most recent 

determinations of the Cenozoic evolution of mantle buoyancy distribution by 

Glisovié & Forte (2014) allow us to quantify the rate-of-change ofinternally driven 

dynamic topography changes. The predicted dynamic topography change of South 

America over the past one million years is mapped in Figure 6.1. In this same 

figure, we also present the change of topography due to offshore sediment loads 

that accumulated during the Quaternary (i .e. over the past 2.5 Myr). 
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Figure 6.1 Contributions to the changing topography of outh America. (a) 

Flexural topography induced by loading of marine sediments deposited during the 

Quaternary (i.e. the past 2.5 Myr). An elastic thickness of 80 km is a umed for this 

calculation. ( ee chapter 4 for more details.) (b) The dynam.ic topography change over 

the past 1 Myr predicted on the basis of a tomography-based backward convection 

simulation carried out by Glisovié & F01te (20 14). This time-reversed convection 

simulation employs a quasi-reversible (QRV) treatment of thermal diffu ion, with 

mobile surface plates, and the topography change is calculated in the mantle frame of 

reference. (For more details, see Gli sovié & Fo1te, 2014.) 
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The contributions to South American topography change from smface sediment 

loading and internai convective forcing are complementary (Fig. 6.1 ). We first note 

that while dynamic topography changes dominate in the tectonically active western 

half of South America, the sediment-induced flexural changes dominate in the eastern 

half of the continent and along the Atlantic platform. We also note that the amplitudes 

of topography change over million-year time windows are also comparable. For 

example, the change in forebulge topography just notth west of the Amazon delta is 

about 5 m/Myr and this is of the same order, or larger, than dynamic topography 

changes in the san1e region. Moreover, along most of the length ofthe Brazilian coast, 

it is the sediment-induced forebulge that dominates dynamic topography changes. 

These initial results thus show that an understanding of the changing topography of 

South America dming the Cenozoic requires that we not only consider mantle 

convective forcing (i.e. dynamic topography) but also the important sediment-induced 

flexme of the plate. 



APPENDIX A 

SPHERICAL HARMONIC FUNCTIONS 

Elastic flexure on a spherical surface can be greatly simplified in a spectral treatment 

based on spherical harmonie functions. The objective of a spherical harmonie analysis 

is to determine the harmonie coefficients of the measurements of a signal J{ e, ç6). 
These measurements vary with position () and cp (co latitude and longitude 

respectively) and consist of values at discrete locations on a geographie grid (point 

data) . As shawn below a harmonie spherical expansion is analogous to a 2-D Fourier 

senes. 

Spherical harmonies functions are solutions of the Laplace equation in spherical 

coordinates, where the Laplace operator is defined in tenns ofthree variables r, 8 , and 

<D. The spherical harmonie solution of Laplace' s equation outlined below follow 

Jackson (1962) . 

The equation of the Laplace operator in a system of spherical coordinates has the form: 

n 2/ 1 a
2 

( 1) 1 a ( . () aj ) 1 a2 
f v --- r + sm - +--=---=--- a 2 2 . B aB aB 2 . 2 B a ? r r r sm r sm qr 

(A.l) 

The above expression can be rewritten as follows: 



A2 
Where - 2 f is the surface Laplacian defined as: 

r 
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(A.2) 

(A.3) 

As will be shown below, the spherical harmonie basis functions we seek have the 

fundamental property of being eigenfunctions of the surface Laplace operator: 

A: ~~~~ ( e, ((J) = 
r 

l(l + 1) ym (B ) 
2 1 ,((J 

r (A.4) 

When comparing equation (3.7) with the equation for the 1-D Laplace operator 

d
2

2 eiK"x = -{KnYeiK"x. It is observed that the Cartesian wave nwnber ~7 is equivalent 
dx 

deduction that horizontal wavelength IL, of the spherical harmonie function Y/' (e , rp ) 

on a spherical surface of radius r is: 

va l id for 1 >> l (A.5) 

6.0.0.1 Solving the Laplace Equation in Spherical Coordinates 



172 

Following the equations presented in Jackson (1962) and based on lecture notes 

prepared by Forte, we show how the solution of Laplace's equation in spherical 

coordinates naturally leads to the derivation of the spherical harmonie functions: 

The spherical-geometry Laplace equation (Equation 3.4), has the form: 

V' /= -- (rf )+ - smB - + -2 1 8
2 

1 a ( . at) 1 8
21 

r8r 2 r 2 sinB8B ae r 2 sin 2 B8c/ 

Using the separation of variables method, we write: 

f (r ,B,rp )= U(r) P(B)Q(r/J) 
r (A.6) 

The above expression is substituted in (3.4), yielding: 

(A.7) 

r 2 sine 
By multiplying the above equation by , we get: 

UPQ 

? . ? B[ 1 d 
2 

u 1 d ( . B dP JJ r-sm - ---+ sm - = 
U dr 2 r 2 sin BP dB dB 

(A.8) 



173 

We see that the term on the left depends only on rand 8, while the term on the right 

depends only on<!>. Therefore, both terms of the equation have to be equal to a constant. 

Writing this constant as m2
, we obtain: 

(A.9) 

In order for Q to be single-valued in the range 0 ::; çb ::; 2 7l' , m must be an integer. 

Considering the above, we rewrite Equation (3 .12) as follows: 

1 d (sin() dP)-~=- r
2 

d
2

U 
Psin()d() d() sin 2

() U dr 2 

(A.l 0) 

In this equation, it is observed that the tem1s on the left depend only on 8 , while the 

tenns on the right depend only on r. For this to be possible, both sides again have to be 

equal to a constant, which we write for convenience as-l(l + 1) , where l can be any 

real number. 

Considering the right side ofthe (3.13), we get: 

U(r) = Ar1
+

1 +Br-' 
(A .ll) 



174 

Where A and B are any integration constants. 

By substituting (3.14) in (3.13), we get: 

1 d ( . e dP) [z(z ) m 
2 J ---Sin - - .. +1 --- P=O 

sin(} d(} d() sin 2 
(} 

(A.l2) 

Expressing the dependence of P (8) in terms of x= cos 8 , the above equation is 

rewritten as: 

!!._. [ (1 - x 2
)] dP + [z(z + 1)-~ l P = 0 

dx dx J -x 2 
(A.l3) 

This is equation is known as the generalized Legendre equation and the solutions are 

called the "Associated Legendre functions". To solve this equation, P may be expanded 

in terms of a power series in x: 

P(x) = (1- x2 )'Ji fan x" (A.l4) 
n=O 

The solution must be finite and, continuous in the interval - l $;x$;+ ] 

( conesponding to 0 :::;; (}:::;; re ). By replacing the power series (Equation 3 .17) into 

Equation 3 .16, we get a recursion relation for an. It is fou nd (pro of not shown he re) 

that the series diverge at x = ± 1 unless l is a non-negative integer and l ~l n1. 

When n > l - !ml, th en an= 0, which means that the power series truncates to a fini te 

order polynomial at x. When m= 0, the polynomial solutions are called "Legendre 
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polynomials" and are in the form of F{x) =~(x). These Legendre polynomials are 

represented in compact formas: 

( ) 1 1 d' ( 2 ) ' 
P, x = in dx' x - 1 

(A.IS) 

Where the multiplicative factor dependent on lis just a normalization constant. 

On the other hand, when m -:t 0 , the polynomial solutions are called "Associated 

Legendre functions" expressed as: p (x ) = P/" (x ) 

These functions are represented in compact form by the formula: 

P,m (x) = ( - 1)111 (1- x)'~ ! ::, P, (x) (A.16) 

Wh en using Equation (3 .18) to represent p
1 

(x), for positive and negative values of rn, 

we get: 

pm (x) = (-1)"' (1- x)'~ dl+m (x2 - 1)' 
1 2'l! dxl+m 

(A.l7) 

Since (3.16), depends on m2 being an integer, then P,"' (x ) and p
1
- "' (x ) are 

proportional: 

(A.18) 
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For fixed values of rn, P,'" (x) are 011hogonal with respect to the index l , over the 

interval - 1 ::::; x ::::; + 1 . The orthogonality relationship obtained is: 

JI P ~" (x) pm (x)dx = _2_ (l + m )! c5 . 
_1 

1 1 21 + 1 (l-m)! 11 

The Associated Legendre functions can be normalized as follows: 

Such that, 

1 

f x;~' (x) x ;" (x )dx = cS,., 
- 1 

(A. 19) 

(A.20) 

(A.2 1) 

These functions X;:' (x) th us form an orthogonal set in index l over the interval 

- 1 ::::; x ::::; + 1 (i.e. 0 ::::; B ::::; n ). 

Returning to function Q'" (Il)= e ''" • , it forms a complete set of 011hogonal functions 

over the interval 0 ::::; rjJ ::::; 2n : 

1 21r • 

- I Q~~~ (r/J) Q ~~~ · (rfJ)drjJ = c5 . 
21! 0 mm 

(A.22) 

Where * indicates complex conjugation. 
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Finally, by combining the complete ( (), t/J) -dependence of the solution to the Laplace 

equation (Equation 3 .9) in just one function, we obtain finally the "Spherical 

Harmonie" function : 

Y/n(e,rp)=X/n(cos e)e;m ,p 
(A.23) 

Where l is the harmonie degree and m is the azimuthal order, such that j m 1 s l . 

Spherical harmonie functions are widely used to represent and analyze physical 

phenomena that occur on the Earth's surface or within. Important applications include 

potential fields su ch as gravitation, geomagnetism and, in the cmTent study, surface 

loads in flexural Earth models 
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APPENDIXC 

FORTRAN ALGORITHM TO CALCULA TE LITHOSPERIC FLEXURE 

c Calculates the Elastic-Flexure topography 

c 

c 

c 

implicit real*8 (a-h,o-z) 

parameter (lmax = 2048) 

parameter (nhann = (lmax+ 1)*lmax-(lmax**2+lmax)/2 +lmax+2) 

character*80 name 

complex*16 vnm(nharm) 

data vmn/nharm*(O.dü,O.dü)/ 

nm(m,n) = (lmax+ 1)*m-(m*m+m)/2+n+ 1 

write(6,*) 

& 'harmonie coefficient file with normalized sediment thickness = ' 

read(5 ,'(a)') name 

. open(10,file=name) 

print *, 'max harmonie degree in file = ' 

read *, lmx 

do 1 m=O,lmx 

do 1 n=m,lmx,2 

k1 =nm(m,n) 

k2=k1+1 



c 

read(1 0, *) crl ,ci 1 ,cr2,ci2 

vmn(k 1) = dcmplx( crl , ci 1 ) 

vmn(k2) = dcmplx( cr2, ci2 ) 

1 continue 

close(1 0) 

! zero out L = 0 

vmn(l) = O.dO 

c 

c Elastic parameters (from Pazzaglia & Gardner 1994] 

c 

print * ,'elastic lithosphere thickness [in km] = ?' 

read *, h 

h = h * 1.d3 ! conve1i to meters 

E = 70.d9 !Pascals 

v = 0.25d0 ! Poisson's ratio 

D = E * h**3 / 12.d0 1 (l.dO- v**2) ! flexural rigidity 

print *,'average sediment density [in grn/cm**3] = ?' 

read *, den_ sed 

den sed = 2.d0 

! density of sea water 

den_ wat = 1 030.d0 ! kg/m/\3 

! density of lithospheric mantle 

den_man = 3200.d0 ! kg/m/\3 

g = 9.82d0 ! mean surface gravity 

r e = 6368.d3 ! mean solid-surface radius 

be ta = D 1 ( g * r_ e * * 4 * (den_ man - den_ wat) ) 

189 



c 
! apply flexure filter 
! fac = (den_sed- den_wat)/(den_man- den_wat) 

fac = l .dO 
do 1 = 1, lrnx 

190 

' ****************************************************************** 

! Using the following causes an integer overflow error for 1 > 214 

f14 = 1*(1+ 1) * 1*(1+ 1) 

!****************************************************************** 

f1 = db1e(l) 

f14 = (fl*(fl+ l.d0))**2 

denom = f14 * beta + 1.d0 

filt = -fac 1 denom 

do rn = 0, 1 

k = mn(m,l) 

vmn(k) = filt * vmn(k) 

enddo 

end do 

c write(6, *) 'output file=' 

read(S ,'(a)') name 

open( 11 ,fi1e=name) 

do 30 m=O, 1mx 

do 31 n=m, lrnx ,2 

k1 =mn(m,n) 

k2=k1 +1 

31 write(11 ,32) vmn(k1),vmn(k2) 

32 format( e14. 7, 1x,e14.7,4x,e14. 7,1 x,e 14. 7) 

30 continue 

Stop end 
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