UNIVERSITE DU QUEBEC A MONTREAL

THE LITHOSPHERIC FLEXURE OF SOUTH AMERICA INDUCED BY
SEDIMENT ACCUMULATION ON THE PASSIVE MARGIN DURING THE
CENOZOIC ERA

THESIS
PRESENTED
AS PARTIAL REQUIREMENT
OF THE MASTERS OF EARTH SCIENCES

BY
ERIKA ZARAY CALDERON GOYENECHE

OCTOBER 2014



UNIVERSITE DU QUEBEC A MONTREAL
Service des bibliothéques

Avertissement

La diffusion de ce mémoire se fait dans le respect des droits de son auteur, qui a signé
le formulaire Autorisation de reproduire et de diffuser un travail de recherche de cycles
supérieurs (SDU-522 — Rév.01-2006). Cette autorisation stipule que «conformément a
P'article 11 du Reéglement no 8 des études de cycles supérieurs, ['auteur] concéde a
Université du Québec a Montréal une licence non exclusive d'utilisation et de
publication de la totalité ou d’'une partie importante de [son] travail de recherche pour
des fins pédagogiques et non commerciales. Plus précisément, [I'auteur] autorise
I'Université du Québec a Montréal a reproduire, diffuser, préter, distribuer ou vendre des
copies de [son] travail de recherche a des fins non commerciales sur quelque support
que ce soit, y compris I'Internet. Cette licence et cette autorisation n’entrainent pas une
renonciation de [la] part [de I'auteur] a [ses] droits moraux ni a [ses] droits de propriété
intellectuelle. Sauf entente contraire, ['auteur] conserve la liberté de diffuser et de
commercialiser ou non ce travail dont [il] posséde un exemplaire.»



UNIVERSITE DU QUEBEC A MONTREAL

FLEXURE LITHOSPHERIQUE DU CONTINENT SUD-AMERICAIN INDUITE
PAR L'ACCUMULATION DE SEDIMENTS SUR LES MARGES PASSIVES AU
COURS DU CENOZOIQUE.

MEMOIRE
PRESENTE
COMME EXIGENCE PARTIELLE
DE LA MAITRISE EN SCIENCE DE LA TERRE

PAR
ERIKA ZARAY CALDERON GOYENECHE

OCTOBRE 2014



ACKNOWLEDGMENTS

I would like to express my most sincere appreciation to my Thesis Director, Doctor
Alessandro Forte for providing me with the opportunity of accomplishing this project
of research, for his direction, his approachability, for the financial support and for his
valuable academic guidance, which allowed me to have a vast learning experience

during the course of the development of this project.

I would like to express my profound gratitude to my family. My parents, Clara and
Gabriel, my sisters: Sandra, Maria and Katherine for their motivation and unconditional

support throughout my Master Program

To my colleague, Catherine Phaneuf, for her friendship and collaboration all through

the development of my Masters.

To all my friends, specially, Kelly, Wendy, Ladys, Clara, Alexa and Christian for their

continuous stimulus.

For his exceptional support, his constant motivation and the living moments. I would

like to express my gratitude to Salus F.

Thank you, to those who contributed to the realization of this project in one way or

another.




TABLE OF CONTENTS

LISARGE BIGTHRES!, & 00 S it el s e s Bt i, S el o, WO R vii
LB o @ B L e o e T, SRt NI s e . 1 e, I s gt 8 Xvi
LIST OF SYMBOLS AND ABBREVIATIONS .......ccoovintinirererreeereeneneneenesnene xvii
AR TR A o T s s b v P i o i eI O i Xviil
RIESTINTRIE Aop o Bkt sy 6 S W S DR b et Vol ) s, (S XX
CHAPTER 1
IDER O MEINEE g, ot S e L B ST R 1
CHAPTER I
AT YW CH O R T i P e Tl A, S o o N e e SR 6
2.1 "5 Datibgseenstriction. o N AN SRS L LR R TN 6
2.2 Bievelopmentiof BHstosrams, ..o ol e B s W S ! 6
Z3N VS ot E IR TR AN 0 s o et e e s i 0L L . e il
2.3.1 Numerical algorithm to find sediment densities ..........ccccecvervecrrrverreeeennene 7
2.3.2 Algorithm to Find Sediment Load using the thickness from high spatial
resolution Global sediment Database (Divins,2003)........cccceevevveeiriereenes 8
2.3.3 Numerical Algorithm to Determine Flexure .........ccccecvervrevrveenerrersecennennes 8
2. 3.4 Use ofiGGeneric Mappimig Tool GV ... i it iiomsvosionsessenssates 9
CHAPTER III
ISOSTASY AND LITHOSPHERIC FLEXURE .......c0ccomtmumseesnsencansaianaasivassossrosnsinse 10
o I R 6151 72 G I el i o IO 4 e TS T T, AN e PR L 10
o A 8 o T U 5161 0 IR SN S, ot ot o W= 09 O il RN S P (LN 11
3. 12 R e o TOHAIRE RO RTAL T SOSTHEY - i e b soviryoe ongat s s thasns i oss ussn i Shonss e nenss 12
3.1.3:2-D Lithospherie Flexure on @ SPHEIE . itatiitiareassrssuttosseanereanessassassamserans 15

3.1.4 Spherical Harmonic Soutions of the 2-D Flexure.......c..cccecvevereeenrennnee. 18




CHAPTER IV

438 21001 69 1 ST TR 20 g e W S e s T Tt R R S (e 195 02

AT SR D Vo LT T N B eyttt L e S M ) N 22

4.2 S EHASTOCTAINS ... .. L SRR R T e ety e arten BN 24

39,01 |70 e S BT G5 e SRRt D e o e o WS E e o o e 25

40,2 Zone 11 TN ATDAGOIIESL . 0. 5scnsssssresseise Nagnssmasiesanssbs foesssns STaarmuten vt boooeble 30

493 Zone I ArgefnazBrazil « o it e B o iio lion e vy i 34

4D one VS COME e S M 0 s s o b vt D ee s aienens 40

4.3 - Lithospher c R e o i S i iia st st a s b s R v e 2P bk en AR 46

4.3.1 Numerical calculation of Lithospheric Flexure...........c.cocvevvrverevrrvreecrnnnes 46

4.4 Cumulative Flexural Response as a Function of Time..........cccccuervveeveenvecrernnens 48
4.4.1 Flexural Response of the Lithosphere during the Quaternary (0-2.588

101 15§ 0T o Ao Sy STk S e e L SO S (T 48

4.4.2 Flexural Response of the Lithosphere from the Paleocene to the Present61
4.4.3 Uplift of the Continent of South America since the Pliocene, the Miocene,

the Oligocene, the Eocene and the Paleocene..........c.cccoevvevereveveveeeeenenne 88
4.5  Flexural Respohse by Ape Ienvals. .. 5. oo vt e st es o Wi aaranaasshaes 97
Cenozoic Flexural Response of the Lithosphere .......c.coccovevveeveeneenenenrerenecrennens 97
4.5.1 Pliocene-Quaternary flexural response of the Lithosphere...................... 98
4.5.2 Flexural Response of the Lithosphere during the Pliocene-Quaternary,
Miocene-Pliocene, Oligocene-Miocene, Eocene-Oligocene and
Paleocene-Bocene ANTEEVAL AES. 1 ii.orrcrseiirsnsrsssseiiosiissivesiasomesssiandveasss 103
4.5.3 Cenozoic Uplift of the Continent of South America.......ccc.cccecvrrerureneeee. 128
4.6 Where does the sediment come from?..........ccceeveeveerreescnecrnnriensnnsnereensanessnenes 134
A6 Nlic N AC oAl SR RIVE RS il L L T i s s bt e abs s el 134
ri SR B ) v n o0 RS U ot e o s O R ot SO 137
IR B o Tova s (] S Pl S T e e S S o R st (o 139
e B L T S S (o1 e oo o rr 1 T SR el e 142
456 South Ameriean UJceamGIERERTS o, ..ol 8. Lol i e baiertsen 145
CHAPTER V
DISCUSSION ....coccovsumirusnisnensissssnsrssessissesssssssssssssssssssssssssssssssssssssmsnessanssnsseossasasssiones 158

CHAPTER VI




(ELBINISIE 0] (S35 S FRIARE oty AN o Lol bt el o - Sl IOl e 161
APPENDIX A

SPHERICAT HARMONIC FUNCTIOINS .. ..........c.oomiciininamns tiamvassosmessmsamats 170
APPENDIX B

DATABASE OF CENOZOIC SEDIMENT THICKNESS........c.ccceeverrmrrrrreeernenne. 178
APPENDIX C

FORTRAN ALGORITHM TO CALCULATE LITHOSPERIC FLEXURE .......... 188
APPENDIX D

FLEXURAL TOPOGRAPHY OF SOUTH AMERICA CONTINENT
CUMULATIVE SINCE THE PALEQCENE............cci0 commevuesssitonizesacnsoncasissossissans 191
APPENDIX E

FLEXURAL TOPOGRAPHY DURING THE CENOZOIC EPOCH...................... 194

REFERENGES. S50, o o Lt oo L LR S Sl b G o e e, 198



LIST OF FIGURES

Figure Page
3.1 Local Compensation Models. (Taken from Gupta H. K. 2011)......................... 11
3.2 Lithospheric flexure caused by surface loads. (Taken from Gupta H. K.
2O e = Yo et £ SCS WM e e S s R 12
3.3 Models for calculating the hydrostatic restoring force on lithospheric plates
deflected by an applied load qa. (a) Oceanic Case. (b) Continental case. (Taken
from Turcotte & Schilbert, 2002, ...............cccerreearsasrorasonsstaessssiveesssonninssssabas son 13
4.1 Location of four sediments deposition zones (I to IV) and the sites of wells
utilized in different campaigns of the Ocean Drilling Program (ODP) and Deep
Sed DrillinoiProiectiDSIDRYL. ... ... Kl sisstessvasssssassfaiossonssesesfomen Soteestans wnistharas 23
4.2 Histogram of the percent sediment thickness in the Quaternary. Zone I........... 26
4.3 Histogram of the percent sediment thickness in the Pliocene. Zone I............... 26
4.4 Histogram of the percent sediment thickness in the Miocene. Zone I............... 27
4.5 Histogram of the percent sediment thickness in the Oligocene. Zone I............ 28
4.6 Histogram of the percent sediment thickness in the Eocene. Zone I................. 28
4.7 Histogram of the percent sediment thickness in the Paleocene. Zone I............. 29
4.8 Histogram of the percent sediment percentage in the Quaternary. Zone II......30
4.9 Histogram of the percent sediment thickness in the Pliocene. Zone II ............. 31
4.10 Histogram of the percent sediment thickness in the Miocene. Zone II ............. 32
4.11 Histogram of the percent sediment thickness in the Oligocene. Zone II.........32
4.12 Histogram of the percent sediment thickness in the Eocene. Zone II............... 33
4.13 Histogram of the percent sediment thickness in the Paleocene. Zone 1II...........33
4.14 Histogram of the percent sediment thickness in the Quaternary. Zone II....... 34
4.15 Histogram of the percent sediment thickness in the Pliocene. Zonelll......... 35



4.16

4.17

4.18

4.19

4.20
421
422
4.23
4.24
4.25
4.26

4.27

4.28

429

4.30

viil

Histogram of the percent sediment thickness in the Miocene. Zone III. DSDP:
Deep Sea Drilling Project (Perch-Nielsen et al., (1977b, c, d, €), Baker et al.,
(1983a,b), Maxwell et al., (1970)), 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., 2010). Santos, Campos
and Pelotas basin (Contreras et al., 2010) ......cccceveiereierrererecieeeecceeeeraeneens 36

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)) Well Samar Dx-1 (Violante et al., 2010). Santos,

Campos and Pelotas Basin (Contreras et al., 2010)........ccccecrmreervreeevererenennen. 37

Histogram of the percent sediment thickness in the Eocene. Zone IIL. ............. 38

Histogram of the percent sediment thickness in the Paleocene. Zone III. DSDP:
Deep Sea Drilling Project (Perch-Nielsen 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., 2010). Santos and Campos basin
(Gontreras el Al I O L o e reauh s e (e dd b s e bedhss s 39

Histogram of the percent sediment thickness in the Quaternary. Zone IV.....40

Histogram of the percent sediment thickness in the Pliocene. Zone IV ............ 41
Histogram of the percent sediment thickness in the Miocene. Zone IV............ 42
Histogram of the percent sediment thickness in the Oligocene. Zone IV. ........ 43
Histogram of the percent sediment thickness in the Eocene. Zone IV .............. 43
Histogram of percent sediment thickness in the Paleocene. Zone IV. .............. 44

Localization Map of Offshore Sites. The colour scale is
loposiaphy/Batliyiemyl St L . S0l e a0 U e Lk e s v i RS 50

Map of total Flexural Response due to sediment loads accumulated since the
Quaternary (2.588-0 million years) for an effective elastic thickness of 40 km
and a maximum harmonic degree of 2000.. ........ccccerurrrrreeserseninriineenrerinnrreens 51

Map of total Flexural Response due to sediment loads accumulated since the
Quaternary (2.588-0 million years) for an effective elastic thickness of 80 km
and a maximum harmonic degree of 2000 ...........ccccociirviverrirnnnierreeenrerieenns 52

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Barracuda Abyssal Plain............... 62

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Cayos Basin. ........c.cccceceveveeeeevennne 63




4.31

4.32

4.33

434

4.35

4.36

4.37

4.38

4.39

4.40

4.41

442

4.43

4.44

4.45

4.46

4.47

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Colombia Basin...........cceeuuee......

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Magdalena Delta...........................

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Venezuela Basin ...........................

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Grenada Basin.............c.................

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Tobago Basin ...........ccceeeevveueennne.e.

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

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Marin Guajira Basin......................

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Marin Sind Basin...........................

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Cariaco Basin...........ccceeveeurnnennee..

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Guiana.............ccceeveveeeeeineivernennee.

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Surinam...........c.ccoevervevveeenrinnneen.

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the French Guyana..............................

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Amazon Delta...........c.coovuvevennene

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in Brazil.............ccccoeeevveriersverinuenererenen.

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in Ceara..........cceeveevereveenreiciineeeineeninnne

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in Potigar............ccoevvveeemeieiceivrinininenne

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




4.48

4.49

4.50

4.51

4.52

4.53

4.54

4.55

4.56

4.57

4.58

4.59

4.60

4.61

4.62

4.63

4.64

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

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in Bahia Sul........c.cceceeveieeiecveiecncnene.

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

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Campos Basin ..........ccccveevveneeenen.

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Santos Basin..........ccccceeeeeecrerneenens

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

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Punta del Este Basin .....................

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Salado Basin .........ccceeeevveereerrenen.

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Colorado Basin ............ccceeeuveerennee

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Rawson Basin .......cc.ccccceevveveneenen.

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the San Jorge Basin........ccecerveervrnvennee

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the San Julian Basin................cc..........

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Argentina Basin ............c.cecvevnee.

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Northern Falkland..........................

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Eastern Falkland ...........................

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Western Falkland. ..........................

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Southern Falkland..........................




4.65

4.66

4.67

4.68

4.69

4.70

4.71

4.72

4.73

4.74

4.75

4.76

4.77

4.78

4.79

Xi

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 harmonic degree of 2000 ..........cccccevvririeerinieerirecrreriererererenes 82

Map of total Flexural 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 harmonic degree of 2000 .........ccccocervuircmrerrenerirerseeesessrensennes 83

Map of total Flexural Response due to sediment loads accumulated since the
Miocene (23.03 - 0 million years) for an effective elastic thickness of 40 km
and a maximum harmonic degree 0f 2000 .........cccceevueveeririrernenreniriecrenerienesenee 84

Map of total Flexural 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 harmonic degree 0of 2000 .........cccecvirceivinnincnnnninncirensensieene 85

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 harmonic degree 0f 2000.........cccceeereeveerreniersirerrreeseesincreeseeseesesesanns 86

Map of total Flexural Response due to sediment loads accumulated since the
Paleocene (65.5 - 0 million years) for an effective elastic thickness of 40 km
and a maximum harmonic degree of 2000 ...........ccovevuriioiiieesiininnercerieeneeenne 87

Time-dependence evolution of continental uplift due to the forebulge in South
America continent (1at=10°S, lon = 60°W) since the Paleocene............ccccuen... 88

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. . 89

Forebulge evolution at a representative location in Colombia (lat=8.5°N, lon=
74°W) from the Paleocene to the Present. ..........cceeeeevemvrreeereencreneieesernessesieenns 90

Forebulge evolution at a representative location in Venezuela (lat=7.5°N,
lon=62°W) from the Paleocene to the Present.........cccceevveeverrerennsresrnresnensueseeenne 90

Forebulge evolution at a representative location in Guyana (lat=6.5°N,
lon=60°W) from the Paleocene to the Present..........cccceeveeevereeencreecvrenennsreenns 91

Forebulge evolution at a representative location in Surinam (lat=4.5°N,
lon=55.5°) from the Paleocene to the Present. ..........ccccvvveeverereerereecsrecssonssnene 91

Forebulge evolution at a representative location in French Guyana (lat= 3.5°N,
lon= 53°W) from the Paleocene to the Present.........c.coeuveeervecencneneecrernnnsecnenns 2

Forebulge evolution at a representative location in Brazil (lat= 21.4°S, lon=
43°Wiirom the Paleocens (0 thEiPIEECTIE. irmu.i iacesististnrnssisnsinasd dessmasassssstamsinss 92

Forebulge evolution at a representative location in Uruguay (lat=32.5°S, lon=
54°W) from the Paleocene to the Present. ..........ccoevvveeververervennnerneesseneeniennens 93




4.80

4.81

4.82

4.83

4.84

4.85

4.86

4.87

4.88

4.89

4.90

4.91

4.92

4.93

4.94

4.95

4.96

xii

Forebulge evolution at a representative location in Argentina (lat= 37°S, lon=
60° Witiony the Paleocene 10 tHe PIOSENL. ..ccciisiiiineesivvvisneiavessssnisassisssessasiss 93

Map of Flexural Response during the Pliocene-Quaternary interval (5.33 to 0
Ma). The effective elastic thickness is 40 km and a maximum harmonic degree
o) (AL ORI T Ry oo (637750 e 0w e B R S © R s 1 S 102

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Barracuda Abyssal Plain............. 104

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Cayos Basin ..........ccccceeuvereeenenen. 104

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in Colombia Basin ...........c.ccceeurrvennene. 105

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Magdalena Delta......................... 105

Contribution to lithospheric ﬂexure., from sediments deposited in each
geological epoch, at an offshore site in the Venezuela Basin ......................... 106

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Grenada Basin................c.c......... 106

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Tobago Basin............cc.eouuen........ 107

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Demerara Abyssal Plain.............. 107

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Marin Guajira............cceveveveneennee 108

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Marin Sing ..........cc.occeverrvirvenene. 108

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Cariaco Basin.............cccceueuen...... 109

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Guyana...........ccceeeevrirvreereeenene. 110

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Surinam.........c..cccceveverrecuennnen... 110

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the French Guyana.............ccoeuveunee... 111

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Amazon Delta............................. 111



xiii

4,97 Contribution to lithospheric flexure, from sediments deposited in each

geological epoch, at an offshore site site in the Brazil .............ccccoveeennennnncn. 112
4.98 Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site site in the Ceara...........ccoceeercvrcueevrrcnenne. 112
4.99 Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Potigar..........cccccoveeurrervereercrnennnne 113
4.100 Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site site in the Pernambuco.................. 114
4.101 Contribution to lithospheric fle xure, from sediments deposited in each
geological epoch, at an offshore site in the Sergipe-Alagoas..........ccccevueene.. 114
4.102 Contribution to lithospheric flexure, from sediments deposited in each

4.103

4.104

4.105

4.106

4.107

4.108

4.109

4.110

4.111

4.112

4.113

geological epoch, at an offshore site in the Bahia Sul...........ccccoeoevirnennnenenn. 115

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Espiritu Santo...........cccceeeruernenns 115

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Campos ..........coccererrervverrecreennenne 116

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Santos..........ccceceececenvenivcneennenns 116

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in Pelotas. ..........ccceeveerverrenrceecsnerennnen. 117

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Punta Del Este............c.ccu......... 117

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Salado...........ccccecerveeenverennennns 118

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Colorado........ccccceeeecvrueeenen... 118

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Rawson..........ccccocevvevcereueeneennene. 119

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site site in the San Jorge. .........ccccccevenennns k)

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site site in the San Julian. ..........ccccevveuenenne 120

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Argentina Basin. ....................... 120




4.114
4.115
4.116
4.117

4.118
4.119
4.120
4.121

4.122
4.123
4.124

4.125
4.126
4.127
4.128

4.129

4.130

Xiv

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site shore site in the Northern Falkland..... 121

Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Eastern Falkland........................ 122

Contribution to lithospheric flexure, from sediments deposited in each

geological epoch, at an offshore site in the Western Falkland ...................... 122
Contribution to lithospheric flexure, from sediments deposited in each
geological epoch, at an offshore site in the Southern Falkland ..................... 123

Map of Flexural Response during the Miocene-Pliocene interval (23.03 to
2.588 Ma). The effective elastic thickness of 40 km and a maximum harmonic
degree 0f 2000 was employed. .....ccccaiicreiiiiieeanirsne it steenriseesaeenessesesansanas 124

Map of Flexural Response during the Oligocene-Miocene interval (33.9 to
5.332 Ma). The effective elastic thickness of 40 km and a maximum harmonic
depreerol 2000 A eI Oy e e i e e sban e 125

Map of Flexural Response during the Eocene-Oligocene interval (55.8 to
23.03 Ma). The effective elastic thickness of 40 km and a maximum harmonic
degree ol 2000 waARemployedat. Jx . ... e s e 126

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 harmonic
degree of 2000 WaSICHAPLOYEU. ...\ ... eeeicyrnees s vesacnesncasns Siasoaryassmssinsevinssastiasnes 127

Time-dependence of continental uplift due to the forebulge in South America
(1at=10°S, lon= 60°W) during the Cenozoic ........cccceeueeverureerrerreeseresaeseaencnns 128

Time-dependence of continental uplift due to the forebulge along the eastern
margin of South America (1at=20°S, lon= 43°W) during the Cenozoic....... 129

Time-dependent of continental uplift due to the forebulge along the eastern
margin of South America (1at=7°S, lon= 39°W) during Cenozoic................ 130

Major River Basins of South AMETiCa. .....ccccocevrecerrenienrereneneereereessaesenenes 135
Magdalena River Basin. Taken from Restrepo & Kjerfve (2000)................. 137
Orinoco River Basin. Taken from Warne et al., (2002)........cccceeveericeecinnnnnne. 139
Amazon River Basin. Taken from Meade (1994). .......ccccevvvurvrrvrnenieennceenene. 141

La Plata hydrographic Basin. Three hydrological units can be differentiated:
Parana River, Paraguay River and the Uruguay River. Taken from Sallun &
ST AEM R s e B PO e ot SO e oo 144

Map of the principal South-American Oceanic Currents.........c.cccceeerrvcevennene. 146



XV

4.131 Malvinas Current and Brazil Current. Taken from Matano et al.,

(BOTION e oo St s ORIl i e 0 12 O 148

4.132 Map of the principal Oceanic Currents in the Atlantic Ocean between July and

6.1

September, where the North Brazil current retroflects and goes eastward
flowing in the North Equatorial countercurrent.
Takendom Rhilander (ZOUI . et ol o S R 150

Contributions to the changing topography of South 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 assumed for
this calculation. (See chapter 4 for more details.) (b) The dynamic topography
change over the past 1 Myr predicted on the basis of a tomography-based
backward convection simulation carried out by GliSovi¢ & Forte (2014). This
time-reversed convection simulation employs a quasi-reversible (QRV)
treatment of thermal diffusion, with mobile surface plates, and the topography
change is calculated in the mantle frame of reference. (For more details, see
(G VEeh Al o e 1Py (o) 1 ) T Rl o 8 e S D S ol 168




LIST OF TABLES

Table Page

4.1
4.2
43

4.4

4.5

4.6

4.7

4.8

4.9

Summary of the Percent Sediment Thicknesses Accumulated in the Cenozoic. 45
Parameters used tolealculale ElEXUE .. .. uiiii i sasaaensanssastaesonsonsnanesssdsduesassoisa 47
Offshore flexural depression of South America in the Quaternary Period........58

Maximum Forebulge elevations along the eastern margin of South America
during the Quaternary for Te 40 Km ........cccoeiiiinencnininsieceneaneasessassnsessaeesens 60

Maximum Forebulge elevations along the eastern margin of South America
during the Quaternary for Te 80 Km ......ccccccvvvvvevievciicennernecnreneenenersseeeseecsneeanes 61

Summary of Maximum Flexural depression (foredeep) and Forebulge Amplitudes
T e e I o (el B ot A S SO S T . S e T i S 94

Maximum Forebulge (uplift) over the Quaternary-Paleocene in the eastern region
ofithe contitient OF SOUtHATTIETICE 11.v..usssvrsssassssrasnsrsansspatsadtsnonsssnepsiasasos ssnssrsaisrons 95

Flexural depression and forebulges amplitudes at the Mouths of Primary
FERGRESS . il P i e o R L e o L T 96

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 arca dourifio the TERe PERIGEN. . i o0l io0 % avve ton s oy 85 e s ok Frinlh o m = o 2ia s in 131

4.10 Summary of Maximum Foredeep and Forebulge Amplitudes during Cenozic132

4.11 Flexural Foredeep and forebulges amplitudes of Primary Rivers.................... 133



S i i

LIST OF SYMBOLS AND ABBREVIATIONS

Force (Newtons)
Mass (Kilograms)
Length (Meters or Kilometers)

Flexural Rigidity (NL)
Lithospheric Elastic Thickness ( L)

Horizontal Stresses

Flexure (L)

Density of mantle (M/V)
Density of sediments (M/V)
Density of crust (M/V)
Acceleration of gravity (L/T)
Load (L)

Young’s modulus (Pa)
Poisson’s ratio (dimensionless)

Thickness of sediments ( L)




ABSTRACT

The study of the flexure of the South-American lithosphere is of great importance for
the understanding of the changes that 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 contains 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 Program) and the DSDP
(Deep Sea Drilling Program). In addition, the 2003 Divins global database was utilized
for this study as well. 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 numerically calculated using a
spectral treatment of the equations based on spherical harmonic 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 era. 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 Quaternary, prompting a forebulge of 12
meters. Similarly, during the Miocene-Pliocene interval occurred a maximum 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 maximum 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
number of oceanographic process that include currents, wind, and tides.

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

system and oceanic currents.



RESUME

L'étude de la flexion de la lithosphére Sud-américaine est de grande importance pour
la compréhension des changements qui ont €té 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 a des changements de la topographie de I'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 Caraibes et
I'Atlantique) est un de ces processus. La recherche présentée ici donc explorera et
quantifiera l'impact de cette accumulation de sédiments sur la déformation flexural de
la lithosphére de I'Amérique du Sud et sa contribution au changement de la topographie
durant le Cénozoique. Dans cette optique, I'étape préliminaire de la recherche a été la
création d'une base de données qui contient des informations sur 1’épaisseur des
sédiments déposeés durant six époques géologiques qui constituent 1'ére Cénozoique.
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 ét€ utilisée pour cette étude.

Ces données stratigraphiques sont utilisées pour déterminer 1'épaisseur accumulée dans
chaque époque géologique. Ils sont exprimés comme la fraction de 1'épaisseur totale
des sédiments sur toute la marge Atlantique de 1'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 soulévement continental
(flexural forebulge) durant I'ére Cénozoique. A partir des cartes de la réponse 4 la
flexion, nous suggérons qu’une dépression flexurale maximale de -2970 métres s’est
produite dans le Paléoceéne, ce qui donne un soulévement maximal (forebulge) du
continent de 153 metres, tandis que la plus faible dépression flexurale s'est produite
dans le Quaternaire, provoquant un soulévement (forebulge) de 12 métres. De la méme
fagon, durant l'intervalle du Miocéne-Pliocéne s'est produite une dépression flexural
maximale de -1016 métres produisant un soulévement continental maximal de 39
métres. De méme, lintervalle Eocéne-Oligocéne a expérimenté une dépression
maximale de -831 métres, induisant un soulévement maximal (forebulge) de 47 meétres.
L'intervalle Paléocéne-Eocéne est caractérisé par une dépression mineure; cette
dépression induite par les sédiments, c’est qui donne un modeste soulévement
(forebulge) de 21 metres. Enfin, l'attention est donnée a 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 a la marge océanique est accompli par différents systémes fluviaux qui
drainent le continent. Les principaux systémes fluviaux impliqués dans ce transport
sont le Magdalena, 1'Orénoque, 1'Amazone et La Plata qui se jettent dans la mer des
Caraibes et dans l'océan Atlantique. Le dépdt des sédiments le long de la marge
océanique est modulé par un certain nombre de processus océ€anographiques qui
comprennent les courants, les vents et les marées.

Mots clés: Amérique du Sud, la charge sédimentaire Cénozoique, flexion
lithosphérique, systéme fluvial et les courants océaniques.



CHAPTER I

INTRODUCTION

The lithosphere, which is considered to be the outermost layer of the mantle, rests on a
low-viscosity layer called the asthenosphere, which flows to sustain the process
of isostatic adjustment. (Barrell, 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 accumulation.
In the case of the continental lithosphere, studies such as those conducted by Kamner &
Watts, (1983) show how the lithosphere is deformed by surface loads associated with
fold/thrust 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 normal listric faulting

of the crust, which is important to understand the geometry of sedimentary basins.




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.,
(1975) and Watts and Cochran, (1974) 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 of 20-30 km (Watts, 1978). Bodine et al, (1981) built a rheological
model of the oceanic lithosphere based on results of experimental rock mechanics, in
order 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 of lithosphere age at the time of loading and therefore, depends on lithospheric
temperature (Bodine 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 terms of a flexural isostatic
model. These authors argue that if the mechanical properties of the oceanic lithosphere
are similar to the lithosphere of the continental margin, then the sedimentary load 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.




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 tilickness 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 10'2 Pa and Poisson's ratio of 0.25. (These values are

referred in order to show how the elastic thickness changes if these 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 model describe the uplift of the
Appalachian Piedmont, as well as the subsidence of the Salisbury Embayment. This
study was developed using data from stratigraphic sections and fluvial deposits of the
coastal plain, Susquehanna River terraces profiles, offshore load volumes and
denudation rates. Wifh 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 stratigraphic
and the terrace data using an average elastic thickness of 40 km, for which it was

obtained a flexural rigidity of 4x10% 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. These authors employed a 2-D
elastic plate loading formulation that assumed an elastic thickness of 38 km for the
Amazon delta.



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. Similarly, 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., 2013), yielding 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 determining the contribution to the
topography of South America from flexural deformation caused by sediment
accumulation on the continental shelves. This study will cover all the periods that make

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

In carrying out this study, we divided the continental maréin of South America into
four main areas: The Caribbean Zone, the Amazon Zone, the Brazil-Argentina Zone
and the Scotia Zone. This admittedy informal division was motivated by the
recognition that the dynamics of sediment accumulation in these four areas is
dependent on different river basin discharges into each of these zones. Data on
sediment accumulation in each zone have been taken from various sources, including:
well log information 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° x 1° scale. (Laske & Masters, 1997).




The elastic flexure model is determined by solving the differential 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 turn, on the elastic thickness,
the Young Modulus and the Poisson ratio. Flexural response is found numerically
using a spectral treatment of the equations that is based on spherical harmonics. To
accomplish these calculations a set of algorithms created in FORTRAN (Formula

Translating System) were developed.

This thesis is presented in six chapters. Beginning 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 harmonics 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.




CHAPTER 1I

METHODOLOGY

2l Database Construction

This study began with a search for sediment thickness calibrated on the geological
timescale. In order 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 organized systematically in a tal;le with the following parameters: age, latitude
and longitude, thickness in meters, site, thickness from high 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 thickness was determined as a function of time. Using this
approach, histograms were concentrated showing the variation of percent sediment
thickness with geologic age. This procedure was adopted in order to select the most

representative thickness for each geological time period. A total of 24 histograms were




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 of FORTRAN

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




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 specific
density. The values used for layer 1, layer 2 and layer 3 are 1500 Kg/m?, 2300 Kg/m?
and 2545 Kg/m? 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 Determine Flexure

Lithospheric flexure on the continental margin of South America is determined by
calculating the spherical harmonic coefficients of the sedimentary loads in the different

geological epoch from the Paleocene to the present.



The calculated time-dependent sediment loads are then used to calculate elastic flexure

in spherical harmonics 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:

e A code to calculate the spherical harmonic coefficients of the sediment loads

distributed on a spatial grid.
e 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 harmonic 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 of Generic Mapping Tool GMT

The results output by the Fortran codes were graphically plotted by using the set of
utilities of the GMT program: a free open-source collection of programs created and

developed by Wessel & Smith., (1995)



CHAPTER III

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 their 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 rheological layer of the
earth, with long-term elastic strength overlying a viscous layer called the asthenosphere
(Barrel 1914). 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 boundary 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
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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 Airy (1855) and Pratt
(1855). These models were known as local compensation models. Airy's
compensation model was based on the Archimedes principle, 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 turn, have a
correspondingly thicker root. These changes in crust thickness are necessary to
maintain isostatic compensation (Figure 3.1a). Pratt's compensation model (1855)
suggests that topography is produced by blocks of crust that have lateral variations in

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

Pratt-Hayford

Airy-Helskanen

Thin
crust L
Thick More dense More dense
crust
Mantle
a Depth of compensation b Depth of compensation

Figure3.1  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 finite 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 Flexural 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 surface load, giving rise to regional compensation. (Watts 2001).

(Figure 3.2)

Similarly, 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, such as the accumulation of sediments, volcanoes, seamounts,
ice and intrusions, cause vertical deflections of the solid surface.

Vening Meinesz

—_— -

Flexure

III Tll

Buoyancy forces

Figure 3.2 Lithospheric flexure caused by surface loads. (Taken from Gupta
H.K.2011)
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It is important to add that these flexure models may be developed on the oceanic

lithosphere and the continental lithosphere. On one hand, the flexure caused by the

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

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

replacing. On the other hand, the flexure caused by the load on the continental

lithosphere will be filled by sediments from the crust. (Figure 3.3b)
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Models for calculating the hydrostatic restoring force on

lithospheric plates deflected by an applied load qa. (a) Oceanic Case. (b) Continental
case. (Taken from Turcotte & Schubert, 2002).

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

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

d*s

d“s
D'@ + P@ + (Pm-P5)98 = qa (3.1)
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Where,

x: horizontal distance from the load to a point on the surface of the plate
d: vertical deflection of the plate that varies with x

D: Flexural rigidity

P: Horizontal stresses

pm: density of the mantle.

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

g: acceleration of gravity.

qa: load applied on the lithosphere.

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=0. In addition, the
restorative hydrostatic force that compensates for the applied load was taken into

consideration, by the 3™ term on the left-hand side of (3.1).

Finally, the equation of 2-D lithospheric flexure is governed by the following:

Dg + (Om-pwlgs =qa  (3.2)
Where the first term of the equation represents elastic deformation and is proportional
to the flexural rigidity of the plate. D determines 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 S =TE)

(3.3)

Where E is the Young Modulus, 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 important 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:

d*s
DL2+ glom — P8 = g(os — py)S (3.4)

in which we again assumed that lithospheric flexure § occurs under a water layer, thus
generating an upward hydrostatic restoring force g(p,, — p,, )8, and the applied downward
load gu(x) = g(ps — py )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 /4 of the shell is much leés than the radius R of the sphere (typically #/R <
0.1) and when the wavelength A of the load applied to the shell is much larger than the
shell thickness. The latter condition implies that . > 34 (Beuthe 2008); although in
practice this condition is not important for the determination of displacements § since
they become small at small wavelengths (i.e. the rigidity of the shell entirely supports

small-wavelength loads).

One further simplification is obtained from the "flat Earth" approximation which is
valid when the wavelength A of the load is small compared with the radius R (e.g.
Turcotte 1979). In the latter limit the corresponding "flat Earth" flexure equation for a

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

DAL8 + g(om — pw )8 = glos — py)S 3.5)

Where Ay, is the horizontal Laplace operator (see Appendix A):

% 1 RO af 1 a%fr
Af = Zome 70 (Sme aa)+ (3-6)

72 sin28 a2

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 column must therefore also
vary laterally because of changing water depths and changes in total sediment
thickness:
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pPs = ps (2,0,9) (3.7)

Where z is the depth in the sediment column and (6,¢) 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 geographic position (8, ¢) and it
also depends (as discussed in detail in section 4) on the period of time over which the
sediments have accumulated. Denoting this time span, from some time in the

geological past to the present, by the variable ¢, we may write:
S= S(t6,¢) (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 "load

function" L may be defined: .

,0,
L(t,6,0) =[5 “*? [p; (2,6,¢) — py] dz (3.9)

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

normalized load function that is defined as follows:

L(t.6,0) = (om — pu) ™ L(5,6,90) (3.-10)

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
- finally yielding:

DA%8 + g(pm — pw )b = g(om — pw) L(t,6, ) @3.11)
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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 Harmonic Soutions of the 2-D Flexure

In this study, we extensively exploit the properties of spherical harmonics described in
Appendix A to employ the following forward and inverse harmonic representation of

functions on a sphere:

1=0 m=—

A 1 2x T ) =
i =;1; £d¢£sm6’dt9Y, (9,(0)f(9’¢)

Where f| are the complex spherical harmonic coefficients of the bounded continuous

function f(g,(é

Employing the above expression and using the S5min x 5min geographic grid of the

sedimentary thickness for each geological epoch, the spherical harmonic coefficients

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

notational convenience) are determined as follows:



19

Lr =_ j d¢j sin6 do ¥ (6,) L(6,0) (3.12)

In practice, the coefficients L ;are determined to maximum harmonic 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 harmonics, as follows:

L I o

m,

L(6,4)= > LY (6.9) (3.13)

=0 m=-1

Lo

56,6)=>, > 67 1"(6.¢) (3.14)

=0 m=-I]

Where Lmax= 2000. By substituting the spherical harmonic expansions (3.13) and
(3.14) into the equation for lithospheric flexure (Equation 3.11), we obtain:

55 ool ] (S Srda-nr S Sdaalrr) s

=0 m= =0 m= =0 m=
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7

re e

_ , G S R o ) e
Where the surface Laplacian operator is equal to | — Y= PR Y, (3.16)

By substituting Equation (3.16) in Equation (3.15), we get:

S5l (’”) gda )| TS Yelaa I|E .

= m= H m=

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

combination of 1 and m, we conclude that

P(1+1)° ’ %
D (4 ) +glp,—n,) | = glo,—p,)L; (3.18)

F.

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

flexure, 8," in terms of those for the sediments loads:

&=f I (3.19)

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

finite 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:

1
e 2@ +17 ]
(3.20)
Where the parameter g is defined to be:
D
A=t (321)
(en=p.)er.

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

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

4
ﬂ’e astic
B= (#] (3.22)

2707,

Where,

D }%
(3.23)

/?’elastic =27 l:—
(pm —Py )g
It is important to emphasize that 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).




CHAPTER IV

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 stratigraphic columns based on cores obtained
from the different campaigns of the Ocean Drilling Program (ODP) and Deep Sea
Drilling Project (DSDP).

For the purpose of subsequent interpretations, we divided the sediment compilations
into four main areas, whose geographic 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 following 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
of total thickness (Divins 2003), and source (see Appendix B).




23

Total Marine Sediment Thickness (5 min x 5min)

-85° -80° -75° -70° -65° -60° -55° -50° -45° -40° -35° -30° -25°

e 3
| S Pne The'curibbesi:_l‘s }
15°g-14 5] t O

20

Zone 1V:
Scotia
[rr— Ee— 1

0 2000 4000 6000 8000 10000 12000
Metres
Figure 4.1 Location of four sediments deposition zones (I to IV) and the sites

of wells utilized in different campaigns of the Ocean Drilling Program (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 some 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 geologic 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 column 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 basement, 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 S5-minute-resolution total thickness database to obtain the

sedimentary load to be used to find flexure.
In the following, we summarize the histograms for each of four zones:

42.1 ZoneI: The Caribbean

The geographic area encompassed by Zone I, 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 Quaternary (2.588 to present
Ma)

V)
Quaternary Age, Zone I (3%)

6
24
S
5 2
E
z 0 0-5 5-10

(%) Percentage of total sediment thickness
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
frequency of the percent sediment thickness from 0-5% compared to the next interval
of 5-10%. The percentage with the highest frequency (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%)
6
z
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E
=
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0-5 5-10 10-15 15-20
% Percentage of total sediment thickness

Figure 4.3 Histogram of the percent sediment thickness in the Pliocene. Zone I



27,

Figure 4.3 shows the histogram of the percent sediment thickness for the Pliocene. This
histogram has an elongated L-shaped distribution, where the interval with the highest
frequency is from 0 to 5%. We thus select this interval, but also take into account the
nearly equivalent frequency of the next highest interval, leading us to choose 4% as the

value of the maximum 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
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(%) Percentage of total sediment thickness

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

Figure 4.4 shows the histogram of the sediment thickness 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 this 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% thickness.
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4.2.1.4 Histogram of the percent sediment thickness in the Oligocene (33.9 to 23.03

Ma)
(3%)

Oligocene Age, Zone 1
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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 this 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)

5%
Eocene Age, Zone 1 )

Number of Wells
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0-5  5-10 10-15 80-85

(%) Percentage of total sediment thickness

Figure 4.6 Histogram 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 has an elongated L-shaped distribution, where the intervals 0-5% and
10-15% have the highest frequency. As in the case of the Pliocene (above), 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)

(3%)
Paleocene Age, Zone I

0-5
(%) Percentage of total sediment thickness

Number of Wells
o B N W b

Figure 4.7  Histogram of the percent sediment thickness in the Paleocene. Zone |

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 thus 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

thickness of sediments in this region was deposited during the Cenozoic.
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42.2 Zone II: The Amazon

The geographic 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 Quaternary (2.588 to present
Ma)

7%
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Figure 4.8 Histogram of the percent sediment percentage in the Quaternary.

Zone I1

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 rounded 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)
: (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%

(rounded 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)
o
Miocene Age, Zone 11 (13%)
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(%) Percentage of total sediment thickness
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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 highest
frequency. The maximum probability thickness lies in the range 10-15% and owing to

the skewness to higher values, we adopt a 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)
(3%)
Oligocene Age, Zone 11

o

s 6 A

B 5

S 4 4

£ 5]

i t_
el = P

0-5 5-15 1520 2025  25-30
(%) Percentage of total sediment thickness
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 variability 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 adopt a mean thickness of 3% for

the Oligocene.
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4.2.2.5 Histogram of the percent sediment thickness in the Eocene (55.8 to 33.9 Ma)
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Figure 4.12 Histogram of the percent sediment thickness in the Eocene. Zone 11

Figure 4.12 shows the histogram of the sediment thickness percentage for the Eocene.
This histogram also has 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 Histogram of the percent sediment thickness in the Paleocene (65.5 to 55.8 Ma)

(2.5%)
Paleocene, Zone 11
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Figure 4.13 Histogram of the percent sediment thickness in the Paleocene.

Zone 11
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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 adopt a median sediment

thickness of 2.5%.

4.2.3 Zone III: Argentina-Brazil

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

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

4.2.3.1 Histogram of the percent sediment thickness in the Quaternary (2.588 to present
Ma)

(2.5%)
Quaternary Age, Zone 111

Number of Wells
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0-5 5-10

(%) Percentage of total sediment thickness

Figure 4.14 Histogram of the percent sediment thickness in the Quaternary.
Zone 111
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Figure 4.14 shows the histogram of the percent sediment thickness for 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 Histogram of the percent sediment thickness in the Pliocene (5.332 to 2.588

Ma)
(7%)
Pliocene Age, Zone 111
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Figure 4.15 Histogram of the percent sediment thickness in the Pliocene. Zone

1

Figure 4.15 shows the histogram of the percent se:diment thickness for 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 adopt a maximum likelihood
thickness of 7% (rounded 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)
(22%)
Miocene Age, Zone 111

6 ® DSDP and PIA
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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, €), Baker et
al., (1983a,b), Maxwell et al., (1970)), 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., 2010). Santos, Campos and

Pelotas basin (Contreras et al., 2010)

Figure 4.16 shows the histogram of the percent sediment thickness for the Miocene.
This histogram has a distribution in the shape of an asymmetric bell. There is a wide
range of thicknesses varying from 5% to 35-40%. 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)

Oligocene Age, Zone 111 (17%)

& B Campos Basin and
Well Samar Dx-1
u DSDP

3
® DSDP and Santos
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Figure 4.17 Histogram of the percent sediment thickness in the Oligocene. Zone
III1 .DSDP: Deep Sea Drilling Project (Perch-Nielsen et al., (1977d, ), Baker et al.,
(1983a, b), Maxwell et al., (1970)) Well Samar Dx-1 (Violante et al., 2010). Santos,

Campos and Pelotas Basin (Contreras et al., 2010)

Figure 4.17 shows the histogram of the percent sediment thickness for the Oligocene.
This histogram has a distribution in the shape that roughly approximates an asymmetric
bell but with considerable scatter of v;alues. There is again a wide range of thicknesses,
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 down,

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)
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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) ), Well 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., 2010). Santos, Campos and Pelotas basin

(Contreras et al., 2010)

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 of thicknesses 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 hence a median value of 17% for the percent

thickness in the Eocene.
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4.2.3.6 Histogram of the percent sediment thickness in the Paleocene (65.5 to 55.8 Ma)

(7%)
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Figure 4.19 Histogram of the percent sediment thickness in the Paleocene. Zone

III. DSDP: Deep Sea Drilling Project (Perch-Nielsen et al., (1977b,¢,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., 2010). Santos and Campos basin (Contreras et al.,
2010)

Figure 4.19 shows the histogram 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 thus selected a mean

sediment thickness of 7% (rounded down, owing to the asymmetry of the distribution)
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In summary, we find that 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 geographic area encompassed by Zone IV, the Scotia Zone, is shown in Figure 4.1.

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

Ma)
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Figure 4.20 Histogram of the percent sediment thickness in the Quaternary.
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)
(4%)
Pliocene Age, Zone IV
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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)
(5%)
Miocene Age, Zone IV
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Figure 4.22 Histogram of the percent sediment thickness in the Miocene. Zone

IV

Figure 4.22 shows the histogram of the percent sediment thickness for the Miocene
Age. This histogram has an extended L-shaped distribution with thicknesses ranging

from 0-5% to 15-20%. Owing to the limited 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)
: (5%)
Oligocene Age, Zone IV
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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)

(8%)
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Figure 4.24 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 limited

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)

(5%)
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Figure 4.25 Histogram of percent sediment thickness in the Paleocene. Zone IV.

Figure 4.25 shows the histogram of the percent sediment thickness for the Paleocene.
This histogram 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 little 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.
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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 of high resolution for each age. (Divins, 2003)

Zone Age Percentage range | Percentage selected

Quaternary 0-5% 3%
Pliocene 0-5% 4%
Miocene 10-15% X 13%
I. Caribbean Oligocene 0-5% 3%
Eocene 0-5% 5%
Paleocene 0-5% 3%
Total 31%
Quaternary 5-10% 7%
Pliocene 10-15% 12%
Miocene 10-15% 13%
II. Amazon Oligocene 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%
III. Argentina-Brazil |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%




46

4.3  Lithospheric Flexure

4.3.1 Numerical calculation of Lithospheric Flexure

Elastic flexure, represented in terms of spherical harmonics, on the continental shelves

of South America was calculated of the normalized sediment load = (equation 3.10)

and by determining the harmonic coefficients of flexure based on Equation (3.19). In
order to calculate the f, 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 70x10°
Pa, 40 Km and 0.25 respectively. (Table 4.2). Replacing the above values in Equation
(3.3) yields a flexural rigidity value of 3.98X10% 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 ° x 1 ° compilation
by Laske & Masters (1997). This depth-dependence is taken into account in the

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

Using this flexural rigidity and water density (1000 Kg/m®) and mantle density (3300
Kg/m?) (Table 2) in Equation (3.21), yields a g value of 1.12x10™ for an elastic
thickness of 40 Km. The g value is substituted in Equation (3.20), yields a f, value
of 5.57x10%.

Finally, the spherical harmonic coefficients of flexure are obtained by replacing the
above results in Equation (3.19). (Assuming an elastic thickness of 40 km). These

harmonic coefficients are calculated up to maximum degree /=2000, conesbonding to
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a spatial resolution of Smin x 5 min for each of the geological periods studied

(Paleocene - Quaternary)

The spatial SminxSmin grid of flexure is calculated by the harmonic coefficients 5

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 3,98 10% Nm
Rigidity
Young's
= E 70x10%* Pa
modulus
Elastic
h 40 * km
Thickness
Poissons’s ratio v 0.25*
Earth radius Te 6371 km
Mantle density Pm 3300 kg/m>
Water density Pw 1000 kg/m?

*Taken from Pazzaglia & Gardner 1994
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4.4  Cumulative Flexural Response as a Function of Time

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 km
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 harmonic degree of 2000.

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 terrestrial
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).




Localization Map of offshore points
80° 700 600 -50° -40°  -30°

6000 -5000 -4000 -3000 -2000 -1000 0 1000 2000 3000 4000 5000
metres

Figure 4.26 Localization Map of Offshore Sites. The colour scale is
Topography/Bathymetry
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Sediment Flexure, Quaternary (H=40km, L=1-2000)
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Figure 4.27 Map of total Flexural Response due to sediment loads accumulated

since the Quaternary (2.588-0 million years) for an effective elastic thickness of 40
km and a maximum harmonic degree of 2000. Negative values indicate flexural

depression and positive values indicate forebulge or uplift.




Sediment Flexure, Quaternary (H=80km, L=1-2000)
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Map of total Flexural Response due to sediment loads accumulated
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since the Quaternary (2.588-0 million years) for an effective elastic thickness of 80

km and a maximum harmonic 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 geographic 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
Quaternary, and employ a purely graphical summary for all remaining geological

periods.

4.4.1.1 Zone 1. 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 Sinu

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 turn 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 [-17.58 meters] and, in turn, the Colombia 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 margin of Venezuela, flexural depressions range
from -12 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 mouth of the
Orinoco River with amplitudes of -2.42 meters [-19.47 meters] which increase offshore
(Table 4.8). In Northern Venezuela, the flexure increases in the Venezuela Basin with
flexure of -23.29 meters [-19.72 meters]. In addition, in the Minor 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 greater than -100 meters in the area of the
continental shelf and offshore the countries of Guyana, Surinam and French Guyana.
The flexura]l 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

respectively.

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 example is the area of the
mouth of the Amazon River, with amplitudes 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 Ceard Basin area, flexure amplitude increases to
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values of up 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 Pernambuco 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 margin 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
Paran4 and the Uruguay Rivers, 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, flexure 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, flexure 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 flexure amplitude with values between -0 and -40
meters. For example, in the area of the offshore Western and Eastern Falkland Basins,
the flexure values attains values of -29.42 [-26.64] meters and -48.03 [-37.48] meters,
respectively. This flexure calculated for Te=40 Km, uplifts the Falkland Islands
approximately 2.71 meters. In contrast when Te=80, the flexural 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 flexural depressions attain values of -34.17 [-29.36] (See Table 4.3,
Zone IV). The flexure 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. Inthe middle of the 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, known as forebulge, which
is purely the consequence of the finite 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 Offshore flexural depression of South America in the Quaternary

Period.
Coordinates Flexure (m)
Zone Offshore point TReaIE LongiiiE Quaternary
Te 40 km Te 80 km
Barracuda A.P 16.5°N  59°W -27,35 -33,68
ayos 16°N 80°W -1946  -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
Vehoniold 13°N 65°W -23,29  -19,72
Zone | 12°N 67°W -22,41 -20,08
14.5°N  62°W -17,22 -34,28
Grenada

11.5°N  62.5°W  -48,82 -38,23
Tobago 125°N  60°W  -204,39 -181,88
11°N 56°W  -123,41 -141,08

Demerara Abyssal Plain 13°N 570W 11967 -139.59

Guajira Marino 12°N 73°W -26,71 -24,78
Sinad Marino 10.5°N  76°W -33,39 -26,2
Cariaco 10.5°N  65°W -17,24 -9,48

95°N  57°W  -161,27 -165,99
8°N 58°W -78,54  -93,88
8°N S5°W -171,88  -140,99
7°N 56°W  -105,88  -93,2
7°N 52°W  -149,38 -137,84

5.5°N  525°W  -81,43 -91,09

Guyana
Surinam

French Guyana

Zone II Amazonas Delta 1°N 49.5°W  -101,8 -100,27
1°S 46°W -42,59 -50,86
Brazil 3°S 40°W =5381¢7 -47,72
2°S 43°W -119,14  -79,84
Cearé 2°S 41°W -118,66  -79,72
1 2:5°8 © 37.5°W | 20777 -36,11
Potigar

3°S 37°W -43,68  -40,93




4°S  36°W 6086  -48,02

48 3°W 549 3924

R §SISE L SAe N L1080 LlEsT
8°S  33°W  -1576 -18,01

11°S  37.5°W 734  -382

Sergipe-Alagoas 11°S  36.5°W  -20,07 -14,44
12°S  35°W 20,77  -18,44

Bahia Sul 1955 B o Sl Loy
b 17°S  385°W  -1198  -11,86
gl Al U 16.5°S  38°W  -1579  -14,32
21.5°S  41°W  -1594  -16,67

Campos 2298 . 40°W = -3936 2739
2328 41O ¢ 3173 A28

25.5°S  48°W 2544 2345

Santos 26°S  46°W  -6635  -52,41
27°S  46°W 57,69  -52,65

32.5°S  S51°W  -4896  -418

Zone Il Pelotas 33°S  51°W  -57.85  -48.49
Punta del Este 35.5°S  53°W  -30,66 -36,41
i 37.5°S  57°W  -19.85  -18,91
38°S  55°W 52,52 -41,12

e 40°S  61°W 261  -17.9
41°S  59°W 3396  -29,92

Rawson 43.5°S  60°W  -16,77 -2145
Py 46°S  65°W  -10,53  -747
47°S  66°W 944 561

San Julian 49.5°S  64°W 452  -484
43°S  S2°W 765  -1127

Argentina 41.5°S 43.5°W -28,1 -24,93
47°S  46°W  -1826  -16,03

50.5°S 59.5°W  -132  -7,38

Northem Falkiand 49.5°S  59°W  -13,55 -12,17
525°S  S0°W 43,68  -36,05

Eotmkdl 52°8  55°W  -48,03 -37.48
iy ] 525°S  65°W 271  -204
O LY Western Falkland 53°S  60°W 21,5  -25,87
53°S  62°W 2942  -26,64

Southern Falkland 54°S  55°W 34,17  -29,36
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Table 4.4
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Maximum Forebulge elevations along the eastern margin of South

America during the Quaternary for Te 40 km

Forebulge (m)

Country Latitude Longitude
Te 40 km

Colombia 85°N  74°W 4.48
Venezuela 7.5°N 62°W 6.64
Guiana 6.5N 60°W 7.73
Surinam 4.5°N 55.5°W 7.26
French Guiana 3.5°N 53° W 11.56
5PN - S1S5°W 4.65

1.5°N  52.5°W 8.75

3°S 46.5°W 6.99

Brazil 5°8 41.5°W T2
7°8 37°W 552

22358 43°W 4.79

28°S 51°W 4.9

Uruguay 32.5°S 54°W 4,79
Argentina 379'S 60° W 4.46
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Table 4.5 Maximum Forebulge elevations along the eastern margin of South

America during the Quaternary for Te 80 km

Country Latitude Longitude Feignles (i)
Te 80 km

Venezuela 6.5°N  65.5°W 4.36
Guiana 4.5°N 59°W 7.16
o 4°N 57°W 6.22
3°N 53583 8.71
French Guiana 7°N 54°W 9.97
1.5°N 54°W 11.09
0° 53°wW 7.5
Brazil 4°S 48W 6.89
7.5°S 40°W 5.93
18°S 43.5°W 4.11
28.5°S  52.5°W Sal
Uruguay 31.5°S  56.5°W 4.56

4.4.2 Flexural Response of the Lithosphere from the Paleocene to the Present

In the following, we present a graphical summary of the evolution of flexural 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 0Ma) epochs
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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 Sinu 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 years respectively.

(16.5°N, 59°W) Barracuda Abyssal Plain
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Figure 4.29 Contribution to lithospheric flexure, from sediments deposited in

each geological epoch, at an offshore site in the Barracuda Abyssal Plain
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at an offshore site in the Cayos Basin.

(13°N, 74°W) Colombia Basin
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Figure 4.31 Contribution to lithospheric flexure, from sediments deposited in

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



(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

( 13°N, 65°W) Venezuela Basin
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Figure 4.33

each geological epoch, at an offshore site in the Venezuela Basin
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Figure 4.34
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Figure 4.36

each geological epoch, at an offshore site in the Demerara Abyssal Plain
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Figure 4.37

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

(11°N, 56°W) Demerara Abyssal Plain
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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 Sint Basin

(10.5°N, 65°W) Cariaco Basin
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Figure 4.39 Contribution to lithospheric flexure, from sediments deposited in

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




4.4.2.2 Zone 11
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Zone 11, 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.

(9.5°N, %7°W) Guyana
200
A o TC: 40 Km
= 0 —0— Te=80Km
S
=
(=]
200,
W
¥
=9
-]
S 400 -
& §
=
5 N
& -600 N
Y
-800 T I T T I T
0 10 20 30 40 50 60

Figure 4.40

Time (Myr)

70

Contribution to lithospheric flexure, from sediments deposited in
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(8°N, 55°W) Surinam
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Figure 4.41 Contribution to lithospheric flexure, from sediments deposited in

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 flexure, from sediments deposited in

each geological epoch, at an offshore site in the French Guyana
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Figure 4.45 Contribution to lithospheric flexure, from sediments deposited in

each geological epoch, at an offshore site in Ceara
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Figure 4.46 Contribution to lithospheric flexure, from sediments deposited in

each geological epoch, at an offshore site in Potigar
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4.4.2.3 Zone 111

Zone 111, 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 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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(11°S, 36.5°W) Sergipe-Alagoas
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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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(16.5°S, 38°W) Espiritu Santo
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Figure 4.50 Contribution to lithospheric flexure, from sediments deposited in

each geological epoch, at an offshore site in the Espiritu Santo Basin

(22°S, 40°W) Campos
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Figure 4.51 Contribution to lithospheric flexure, from sediments deposited in

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



i)

(26°S, 46°W) Santos
500 '
(o)< Te=40 Km
= T.\' —@— Te=80Km
E 500 -
=
£
2 -1000
2
=3
S 1500
iz
= -2000
=
-2500
-3000 T T T T T T
0 10 20 30 40 50 60 70
Time (Myr)
Figure 4.52 Contribution to lithospheric flexure, from sediments deposited in

each geological epoch, at an offshore site in the Santos Basin
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Figure 4.53 Contribution to lithospheric flexure, from sediments deposited in

each geological epoch, at an offshore site in the Pelotas Basin
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(35.5° 53°W) Punta del Este
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Figure 4.54 Contribution to lithospheric flexure, from sediments deposited in

each geological epoch, at an offshore site in the Punta del Este Basin
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Figure 4.55 Contribution to lithospheric flexure, from sediments deposited in

each geological epoch, at an offshore site in the Salado Basin
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(41°S, 59°W) Colorado
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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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Figure 4.57 Contribution to lithospheric flexure, from sediments deposited in

each geological epoch, at an offshore site in the Rawson Basin
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(46°S, 65°W) San Jorge
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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

(49,5°S, 64°W) San Julian
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Figure 4.59 Contribution to lithospheric flexure, from sediments deposited in

each geological epoch, at an offshore site in the San Julian Basin
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each geological epoch, at an offshore site in the Argentina Basin
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Figure 4.61

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 which 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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Figure 4.62 Contribution to lithospheric flexure, from sediments deposited in

each geological epoch, at an offshore site in the Eastern Falkland




(53°S, 62°W) Western Falkland
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Figure 4.63

each geological epoch, at an offshore site in the Western Falkland
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Figure 4.64 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, Pliocene (H=40km, L=1-2000)
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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 harmonic degree of 2000
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Sediment Flexure, Pliocene (H=80km, L=1-2000)
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Figure 4.66 Map of total Flexural Response due to sediment loads accumulated

I"

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

and a maximum harmonic degree of 2000
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Sediment Flexure, Miocene (H=40km, L=1-2000)
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Map of total Flexural Response due to sediment loads accumulated
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since the Miocene (23.03 - 0 million years) for an effective elastic thickness of 40 km

and a maximum harmonic 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 Flexural 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 harmonic degree of 2000
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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 harmonic degree of 2000
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Sediment Flexure, Paleocene (H=40km, L=1-2000)
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Figure 4.70 Map of total Flexural Response due to sediment loads accumulated

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

and a maximum harmonic 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 10°S 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 graphic shows the uplift that South-American Continent has experience

since the Paleocene until now:

Time-dependence evolution of continental uplift due to the forebulge in South America
(1at=10°S, lon= 60°W) since the Paleocene

80

Forebulge (uplift) (m)

0 10 20 30 40 50 60 70
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Figure 4.71 Time-dependence evolution of continental uplift due to the

forebulge in South America continent (lat=10°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 following figure, where the evolution of the forebulge from Paleocene to the Present

is plotted.

Time-dependence evolution of continental uplift due to the forebuige along the eastern
margin of South America (lat=5°S, lon= 45°W) since the Paleocene
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Figure 4.72 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, some portion of the continent such as in
Venezuela, Guyana, Surinam, French Guyana, Brazil, Uruguay and Argentina showed
greater elevation changes in some intervals. In the following graph, we present the
evolution of forebulge during Quaternary, Pliocene, Miocene, Oligocene, Eocene and

Paleocene ages for these countries with forebulge values summarized in Table 4.7.
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(8.5°N, 74°W) Colombia
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Figure 4.73 Forebulge evolution at a representative location in Colombia

(1at=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

(1at=7.5°N, lon=62°W) from the Paleocene to the Present.



(6.5°N, 60°W) Guyana
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Figure 4.75 Forebulge evolution at a representative location in Guyana

(1at=6.5°N, lon=60°W) from the Paleocene to the Present.
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Figure 4.76 Forebulge evolution at a representative location in Surinam

(1at=4.5°N, lon=55.5°) from the Paleocene to the Present.
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(3.5°N, 53°W) French Guyana
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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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Figure 4.78
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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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(32.5°, 54°W) Uruguay
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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 Argentina (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 (m)

40 11.93 -309.04
Quaternary

80 11.91 -244.34

40 SIS -825.85
Pliocene

80 31.49 -652.08
Miocene 40 64 -1726.42
Oligocene 40 84.56 -1967.28
Eocene 40 131.17 -2591.75

Paleocene 40 152.66 -2966.59
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Table 4.8 Flexural depression and forebulges amplitudes at the Mouths of
Primary Rivers

Flexure-Forebulge (m)
River mouth |Latitude | Longitude| Quaternary Pliocene Miocene
40km 80km 40km 80km 40km

Magdalena 11°N 74.5°W | -26,9 -25,77 -62,55 -59,91 -173,13
8.83°N 62°W | -2,42 -19,47 -7,46 -50,77 3.72*

Qfiipeo 8.83°N | 61.83°W | -6,74 -24,24 -19,08 -634 -16,85
0.5°S | 50.5°W | -8,34 -14,55 -2351 -40,35 -81,92
Amazon . <
05 | 51°W |=3,03 644 -909 -1834 -103
Confluence
L 34,16 | 585°W |0.95* 2.74* -0,37 6.42* 0.31*
Parana
Rivers

Mar del Plata | 34,5°S 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
accumulated from a particular 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 accumulation within different age intervals. Flexure
was calculated using an effective elastic thickness of 40 km and a maximum harmonic
degree of 2000.

Cenozoic Flexural Response of the Lithosphere

In the following we present the results of our flexural calculations in each of the four
geographic 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 number of selected
offshore points shown 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

summary for all remaining geological periods.

In the following discussion it should again be understood, as in section 4.4 that all

values referring to flexural depression (foredeep) or uplift (forebulge) are induced by
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the offshore sediment accumulations and do not refer to actual values of bathymetry or

altitude.

4.5.1 Pliocene-Quaternary flexural response of the Lithosphere

The predicted flexural response between 5.332 and 0 million years ago in the Pliocene-

Quaternary geological interval for an elastic thickness of 40 km is illustrated in figure
4.81.

4.5.1.1 Zone 1. The Caribbean

In this zone on the continental margin of Colombia, 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 Sini Marine Basins. The flexural depression
(foredeep) begin to amplify at the mouth of the Magdalena River, where it is -35.65
meters (Table 4.11) 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 of this 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 margin of Venezuela, the foredeep is greater than -20 meters, as is
the case of the area of the 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

Tobago Basin area, it increases to -289.64 meters. (Appendix E)

4.5.1.2 Zone II. Amazon Zone

This zone is characterized by depressions greater than -100 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 Northeastern 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 Ceara 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 of Brazil 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.
Similarly, 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 margin of Argentina, the flexural
depressions are varied, ranging between -10 meters to more than -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 Northern

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 of the 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 example 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)
-85°-80' 75" ~70" —65" -60" -55"-50' 45" -40* -35° -30" -25°

-100 -80 -60 -40 -20 0 20 40 60 80 100
metres
Figure 4.81 Map of Flexural Response during the Pliocene-Quaternary interval

(5.33 to 0 Ma). The effective elastic thickness is 40 km and a maximum harmonic

degree of 2000 was employed.



103

4.5.2 Flexural Response of the Lithosphere during the Pliocene-Quaternary,
Miocene-Pliocene, Oligocene-Miocene, Eocene-Oligocene and Paleocene-

Eocene interval ages.

In the following we present a graphical summary 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 [

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 Sini 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 flexure, from sediments deposited in each

geological epoch, at an offshore site in the Barracuda Abyssal Plain
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Figure 4.83 Contribution to lithospheric flexure, from sediments deposited in

each geological epoch, at an offshore site in the Cayos Basin
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Figure 4.84 Contribution to lithospheric flexure, from sediments deposited in each

Flexural depression (m)

geological epoch, at an offshore site in Colombia Basin
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Figure 4.85 Contribution to lithospheric flexure, from sediments deposited in each

geological epoch, at an offshore site in the Magdalena Delta
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Figure 4.86 Contribution to lithospheric flexure, from sediments deposited in each

Flexural depression (m)

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 flexure, from sediments deposited in each

geological epoch, at an offshore site in the Tobago Basin
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Figure 4.89 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 4.90 Contribution to lithospheric flexure, from sediments deposited in each

gec;logical epoch, at an offshore site in the Marin Guajira
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Figure 4.91 Contribution to lithospheric flexure, from sediments deposited in each

geological epoch, at an offshore site in the Marin Sinu
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Figure 4.92 Contribution to lithospheric flexure, from sediments deposited in each

4.5.2.2 Zone 11

geological epoch, at an offshore site in the Cariaco Basin

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

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

shown in Appendix E.

Figures 4.93 to 4.99 show the contribution to lithospheric flexure, from sediments

deposited in each geological epoch, at each of these locations.
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Figure 4.93 Contribution to lithospheric flexure, from sediments deposited in each.

geological epoch, at an offshore site in the Guyana
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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 flexure, 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 flexure, 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 flexure, from sediments deposited in each

geological epoch, at an offshore site site in the Brazil
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Figure 4.99 Contribution to lithospheric flexure, from sediments deposited in each

geological epoch, at an offshore site in the Potigar

4.5.2.3 Zone 111

Zone 111, 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 Northern Falkland, for which flexural

depression values are shown in Appendix E.

Figures 4.100 to 4.114 show the contribution to lithospheric flexure, 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

geological epoch, at an offshore site in the Sergipe-Alagoas
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(13°S, 37°W) Bahia Sul
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Figure 4.102 Contribution to lithospheric flexure, from sediments deposited in each

Flexural depression (m)

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 flexure, from sediments deposited in each

geological epoch, at an offshore site in the Campos
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Figure 4.105 Contribution to lithospheric flexure, from sediments deposited in each

geological epoch, at an offshore site in the Santos
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(33°S, 51°W) Pelotas
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Figure 4.106 Contribution to lithospheric flexure, from sediments deposited in each

geological epoch, at an offshore site in Pelotas.
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Figure 4.107  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 4.109 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 lithospheric flexure, from sediments deposited in each

Flexural depression (m)

geological epoch, at an offshore site in the Rawson.

(46°S, 65°W) San Jorge

-20

40

60

-80 -

-100

7— Te=40 Km

-120

20 30 40 50
Time (Myr)

60

Figure 4.111 Contribution to lithospheric flexure, from sediments deposited in each

geological epoch, at an offshore site site in the San Jorge.
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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 Northern Falkland.

4.5.2.4 Zone IV

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

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

E.

Figures 4.115 to 4.117 shown evolution of flexural depression of lithosphere at each of

these locations.
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Figure 4.115 Contribution to lithospheric flexure, from 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 sediments 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-Pliocene (H=40km, L=1-2000)

-85"-80"-75"-70" -65"-60" -55" -50" -45° -40" -35° -30" -25°
20° | — (___ — — m— —

-60° ~ — — T—— — —

T T T

-100 -80 -60 -40 -20 0 20 40 60 80 100

metres
Figure 4.118  Map of Flexural Response during the Miocene-Pliocene interval

(23.03 to 2.588 Ma). The effective elastic thickness of 40 km and a maximum

harmonic degree of 2000 was employed.
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Sediment Flexure, Oligocene-Miocene (H=40km, L=1-2000)
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Figure 4.119  Map of Flexural Response during the Oligocene-Miocene interval

(33.9 to 5.332 Ma). The effective elastic thickness of 40 km and a maximum

harmonic degree of 2000 was employed.
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Sediment Flexure, Eocene-Oligocene (H=40km, L=1-2000)
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Map of Flexural Response during the Eocene-Oligocene interval

(55.8 to 23.03 Ma). The effective elastic thickness of 40 km and a maximum

harmonic degree of 2000 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 harmonic

degree of 2000 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 margin, also called

forebulge.

The forebulge or uplift undergone by the continent of South America (lat= 10°S, lon=
60°W) during the Cenozoic (Pliocene-Quaternary (figure 4.81), Miocene-Pliocene
(Figure 4.118), Oligocene-Miocene (Figure 4.119), Eocene-Oligocene (Figure 4.120),

Paleocene-Eocene (Figure 4.121)) is between 1 and 25 meters.

The following graphic, shows the forebulge change that was experienced in the South-

American continent through the different intervals of ages:

Time-dependence evolution of continental uplift due to the forebulge in Sout America
(lat= 10°S, lon= 60°W) during the Cenozoic
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Figure 4.122  Time-dependence of continental uplift due to the forebulge in South

America (1at=10°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 1at=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 South America (lat= 20°S, lon= 43°W) during the Cenozoic
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Figure 4.123  Time-dependence of continental uplift due to the forebulge along
the eastern margin of South America (1at=20°S, lon= 43°W) during the Cenozoic
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Time-dependence evolution of continental uplift due to the forebulge along the
eastern of South America (1at=7°S, lon=39°W) during the Cenozoic
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Figure 4.124  Time-dependent of continental uplift due to the forebﬁlge along the
eastern margin of South America (lat=7°S, lon= 39°W) during Cenozoic

In comparison to the uplift described above, some portion of the continent such as in,
Venezuela, Guyana, Surinam, French Guyana, Brazil, Uruguay and Argentina showed
greater elevation changes in some interval of ages. These elevations are summarized

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)

Colintr Quaternary- Miocene- Oligocene- Eocene- Paleocene-

Y Pliocene Pliocene Miocene Oligocene Eocene

Venezuela 10,09 31,01

Guyana 12,31

Surinami 12,46

Erench 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
Argentina 33,02 22,07

In Table 4.10 we summarize 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 during

Cenozoic

Flexural

Age Forebulge
Depression

Pliocene-Quaternary 19.58 -521.9
Miocene-Pliocene 39.04 -1016.42
Oligocene-Miocene 30.86 -712.93
Eocene-Oligocene 46.62 -831.52

Paleocene-Eocene 21.49 -375.42
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Table 4.11  Flexural Foredeep and forebulges amplitudes of Primary Rivers

River mouth Latitude Longitude F!exure—Forebulge {m}
Pliocene- Miocene-
Quaternary Pliocene
i 5°wW
Magdalena 11°N 74.5 35,65 " 110,58
. 8.83°N 62°W 504 11,17+
Orinoco
8.83°N | 61.83°W 4235 2,23+
0.5°S 50.5°W ATy 2,68*
Amazon
0.5°S 51°W 6,07 10,1*
e col MUty | o o 6 58,5°W N30 0,68*
Parana Rivers
Plat ° 8°W
Mar del Plata 34,5°S 5 5,47 112,99
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 rivers 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 (Milliman and Syvitski, 1992; Syvitski et al, 2005a,
b; Syvitski and Milliman, 2007).

Below we will discuss some of the primary rivers 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 of 3300 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 Km? (Kettner et al 2010)(Figure 4.126) . According

to the sediment deposits extending into the Magdalena Valley, the initial age of the

river is the Late Miocene. (Potter 1997)

Major River Basins of South America
-80° -70° -60°  -50° -40° iy

10°

'60. o e
Figure 4.125  Major River Basins of South America. The figure shows the four

principals hydrographic basins and their respective rivers. The Magdalena’s basin is
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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 m®s™!. Average discharge
in March is low at 4068 m’s! (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 m’s’! 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).

[
§
o
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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
load measured at the Calamar Station (located 112 km upstream from the Caribbean)
with values of 690x10%t day™ and 678x10° t day™! during the months of November and
December, and 443x10° t day” 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™ yr™! for the 257,438 km? basin, yielding 144 x 10 t yr'': the annual

sediment load transported to the ocean.

This river drains the Andes, the active orogenic 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 rivers in Zone II are the Orinoco and the Amazon Rivers.

4.6.2 The Orinoco River

The basin of the Orinoco River covers approximately 1.1x10° km? of northern South
America. The basin consists of approximately 35% of the Guyana Shield, 15% of the
orogenic belt of the Andes and coastal mountain 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
Orogeny, which began in the late Oligocene and peaked in the Pliocene. (Warne A.G.et
al 2002)

The estimated annual average suspended sediment input of the Orinoco River at the
Ciudad Bolivar Station is approximately 150x10 ° tons per year (Meade et al 1990).
In the Orinoco River, the concentration of suspended 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 comes
from the tributaries 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
Colombia. In addition, among the rivers that drain the eastern part of the Venezuelan
Andes is the Apure River who contributes about 20% of sediment discharge, while 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

The Amazon River is the largest river in the world, in terms of water discharge with
values of 100,000 - 220,000 m® s! and is also one of the three largest rivers in the
world in terms of sediment discharge, with values of 13x10% ton y'!. (Milliman &

Meade, 1983). It is born on the western ridge of the Andes, with a length of
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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 Amazon basin extends to the eastern flank of the Andes mountain 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 northwest of the Amazon Basin with
more than 3000 mm/year. The area that makes up the noﬂﬁeastem section of the Basin
is covered by the Amazon Delta near the Atlantic Ocean, while the northwestern
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 2010). Similarly, the southeastern
portion of the Basin, near the middle of the Southern 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 al 2010).‘

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 2.4x10°m®s'and in

mid-November, there is a minimum discharge of 0.8x10° m’s!. (Lentz, 1995a).
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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 northwest. These
sediments dominate the shelf and the coastline at around <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>