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RESUMO

Utilizagao dos Dados da Missao GOCE para Caracterizagbes e
Implicacdes na Estrutura de Densidade das Bacias Sedimentares do

Amazonas e do Solimodes

Everton Bomfim, Ph.D

Universidade de Séo Paulo e Universita Degli Studi di Trieste, Sdo Paulo, 2012

Orientadores: Eder Molina (USP)

Carla Braitenberg (UNITS)

A maneira mais direta de detects anomalias da densidade é pelo estudo do
potencial gravitacional e de suas derivadas. A disponibilidade global e a boa resolucéo
dos dados do satélite GOCE, aliadas a disponibilidade de dados de gravimetria terrestre,
séo ideais para a comparacao esifacacao das bacias de larga escala, confiacas
sedimentares do Solimbes e do Amazordentro do @aton amazodnico Foram
processados uronjunto de dadegprodutos GOCEGG_TRF_2 Level 2ao longo das
trajetérias do satélitpara remover o ruid¢shift/drift) nos gradientes da gravidade a

partir da técnicarossover (XQ)

Calculamos a reducdo das massas topografica a fim de obter os componentes do
gradiente da gravidade e anomalia da gravidade usando modelagem direta com prismas
esféricos a partdo modelo de elevacao digital, ETOPOL1. Desta maneira, a comparacao
dos dados somente do satélite GOCE com as reducdes das massas topograficas referentes
aos componentes do gradiente da gravigetenitiram estimar quantidades invariantes
qgue trouxeramuma melhoria na interpretagdo dos dadogeshsor de gravidadeAlém

disso, comparamogladosterrestre do campo de gravidade codados docampo de



gravidadedos modelos geopotenciaEGM2008 e GOCEuma vez queos dados
terrestres podem ser afectados gwos em longos comprimentos de onda devido a erros
de nivelamento, diferenteseferenciais dealtitudes e aos problemas emntedigar
diferentes campanhas de naaB da gravidade

Portanto, estimamos uma melhora e uma nova representacdo dos mapas das
aromalias de gravidade e do tensor gradiente da gravidade nas areas inacessiveis do
Craton Amazonico. As observagfes forneceram novas entradas para determinar campos
regionais a partir dados brutos jyp@cessadoggradiente de gravidadEGG_TRF_2
L2), bemcomo a partir de um modelo geopotencial mais recente até grau e ordem 250
dos harmonicos esféricos derivados de dados somente do satélite GOCE para a
representacdo do campo de gravidadeno geodide, anomalias da gravidade e os
componentes tensor da gravdéa os quais foram quantidades importantes para

interpretacdo, modelagem e estudo dessas estruturas.

Finalmente, obtivemos um modelo isostatico considerando a estrutura de
densidade litogfrica estudada através de uma modelagem direta 3D da distribuicdo de
densidade por prismas esféricos usando a geometria do embasamento e descontinuidade
do Moho. Além do que, constatamosasés da modelagem direta das soleiras de
diabasios dentro dos sedimentos mostramos que somente as soleiras dentro da Bacia do
Amazonasndo sdo as Unicas responsaveis pela anomalia de gravidade positiva que
coincide aproximadamente com as espessuras maximas dos sedimentos da Bacia. Talvéz,
iSsO possa ser também um resultado de movimentos relativos do Escudo das Guianas
situado ao norte dBacia, e 0 Escudo Brasileiro situado ao sul. Embora isso seja apenas
uma evidéncia adicional preliminar, ndo podemos comflamé partir das estimativas
do campo da gravidade. Portanto, € necessario outros tipos de dados geofisicos, como por

exemplo, eidéncias mais claras advidas do paleomagnetismo.
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I modo piu diretto per rilevare le variazioni di densita e lo studio del campo
potenziale di gravita e delle sue derivate. La disponibilita globale e buona risoluzione dei
dati della missione satellitare GOCE, unitamente alla disponibliéi&@ati gravinetrici
terrestrisono l'ideale per intraprendere la comparazione e classificazione dei due grandi
baci ni sedi mentar. Amazon e Solim»es nel | ¢
GOCE ottenuti dalle tracce satellitari sono stati elaborati pladotti GOCE
EGG_TRF_2 Level 2 generati con la correzione necessaria per rimuovere il rumore
GOCE (spostamento/deriva& cosi, noi abbiamo anche processata r{muovere la
tendenza lineareper recuperare i singoli componenti del tensore gradiente di &ravit

usando la tecnica crossover (XO).

Sono state calcolate le riduzioni delle masse topografiche al fine di rilevare i
componenti del tensore gradiente e le anomalie di grésomponente verticale) usando
la modellazione dai tesseroidiol Modello di Elevamne digitale, ETOPOL. Di
conseguenza, la comparazione dei dati satellitari GOCE con le riduzione delle masse

topografiche per i componenti gradienti ha permesso di stimare le quawdtiate per

vii



un mi gl i or ame nt odeiddati deiGeansordiegrapta edltre,zabbeamac
comparato il campo di gragitlei dati terresti comodellaziom gravimetrica del modello
EGM2008 e delmodello gravimetricofornito da GOCE in quanto i campi terrestri
potrebbero essere col pinda gratdy, dosutoraocerrari dinel | e
livellamento,dei diversi sistemi di riferimento impiegati nelle campagne dei dipaese

e quindi la difficolta nel collegament@ed omogeneta dei datidelle diverse campagne di

misurazione.

Tuttavia, & stato riscontrato un miglioramento, e le nuove rappresentazioni nelle
mappe sulle anomalie dravita(Bouguer e freair) e i componenti dei tensori gradienti
di gravita principalmente in aremaccessibili, come ad esempio il cratone amazzonico.
Le ossevazioni GOCE forniscono nuovi indizi per determinare i campi regionali dai dati
grezzi (gradienti dgravitaEGG_TRF_2 L2). Inoltreg stato usato il pi recentamodello
gravimetrico globaledi sponi bil e fino al grado e al |
amoniche sferichejerivedsolo dai dati del satellite GOCE per rappresentaranipo di
gravita con le anomalie gravimetrichfenche sono stati presi in considerazione il geoide
e le componenti del tensore gradiente, che sono qaangpbrtanti per la radellazione e

lo studio di queste strutture.

Infine, abbiamo ottenuto thodello isostatico considerando la struttura di dansit
della litosfera, studiata attraverso una modellazione 3D diretta della distribuzione di
densif, usando la geometria dehsamento e la discontinaiMoho, conosciuti come
vincolo iniziale.Inoltre, abbiamo trovato attraversomodellazione diretta con davanzali
e sedimenti ha dimostrato che le soglie diabase non sono le sole responsabili per le
anomalie gravimetriche posie che tagliano ilBacino Amazzonico, grosso modo
coincidente con lo spessore massimo delle rocce sedimentarie o con il solco del bacino.
Cio potrebbe essere il risultato dei movimenti dello scudo della Guiana, situato a nord del
Bacino Amazzonico, e loaido brasiliano, situato a sud. Sebbene questa sia solo una
prova preliminare, @ non pw essere confermato solo dai datigiavita Infatti, sono
necessari altri tipi di dati geofisici, ad esempio, evidenze ghiare ottenute dal

paleomagnetismo.
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Implications on the Density Structure of the Sedimentary Basins of

Amazon and Solimodes

Everton Bomfim, Ph.D

The University of Sao Paulo and the University of Trieste, S&do Paulo, 2012
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The mostdirect way to detect density anomalies is the study of the gravity
potential field and its derivatives. The global availability and good resolution of the
GOCE mission coupled with the availability of terrestrial gravity data are ideal for the
scope of intrcomparison and classification of the two lasgale Amazon and Solimoes
sedimentary bassinto area of the Amazon Cratoifhe GOCE data set obtainedh
satellite tracksvere processed from EGG_TRF_2 Level 2 Products generated with the
correction neededo remove the noise (shift/driftand so, torecover the individual

components of the gravity gradient tengsing thecrossover (XOpointstechnique.

We calculaed the topographic masses reductions in order to obtain the gravity
gradient componentand gravity anomaly (vertical component) usfagvard modelling
from tesseroids from Digital Elevation MogdetTOPO1 Thus, he comparison of the
only-satellite GOCE dataith the reductions of theopographic massder the gradient
componentsallowed toestimate invariants quantities for bring an improvement in the
interpretation of the gravity tensor dateurthermore, we compardte terrestrial data

gravity field with EGM2008 and GOGCHeduced gravity field becaugdbe terrestrial



fields may be affectkby errors at long wavelengths due to errors in leveling, different

height references, and problems in connecting different measurement campaigns.

However, we have estimated an improvement and new representations of the
gravity anomalies maps amptavity gradient tensor componergsimary in inaccessible
areasof the Amazon CratonGOCE observations provide new inputs to determine the
regional fieldsfrom the preprocessd raw datd EGG_TRF_2L2 gravity gradientfs as
well from the most recent globgeopotential modedvailableup to degree and order 250
developed inspherical harmonics derigeonly-satellite GOCE datéor representingpf
geoidandothers gravity field as gravity anomalgdagravity gradient tensor components,
which are important quartities for modelling and studying these structutke gravity
field as geoid, gravity anomalynd gravity gradient tensor componentghich were
importantquantitiesfor interpretingmodellingand studying these structures

Finally, we obtained theisostatic modelconsidering he lithospheric density
structurestudied through a 3@irect modellingof density distribution using the geometry
of basement and Moho discontinuity, assumed to be knasvinitial constraintin
addition, we found througtirectmodelingsills and sediment has shown that tlebase
sills are not the onlpnes responsible for positive gravity anomaigpthat transects the
Amazon Basinroughly coincident with the maximum thickness of sedimentary rocks or
thetrough of the bsin. Maybe,this could be the result of the relative movements of the
Guiana Shield, situated at the north of the Amazon basin, and the Brazilian Shield,
situated at the south. Although this is only a preliminary additional eviderseamot
confirm it only from the data of gravityit is necessary othetgpes of geophysical data

for example, more cleavidencs obtained from paleomagnetism.
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AScience does not rest upon solid bedro

as it were, above a swamp. It is like a building erected on piles. The piles are driven
down from above into the swamp, but mlown to any natural or 'given’ base; and when

we cease our attempts to drive our piles into a deeper layer, it is not because we have
reached firm ground. We simply stop when we are satisfied that they are firm enough to

carry the structure, atleastfeore t i me being. (1959)0

Karl Raimund Popper
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CHAPTER |

. INTRODUCTION

I.1. Background

In some casesedimentarybasins appear to have an anomalous isostatic state if the classic
isostatic hypothesis is considered, whadsumeshat the topographic and sedimentary loads are
sustained by crustal thickening or thinning. In some cases, the high density of the material in the
lower crust or upper mantle has been supposedly an important component in the formation of
large scale sediemtary basins and in contributing to the isostatic equilibriOften, the high

density anomalous mass can be relatecbliase changes lower crust or upper mantle
following a heating event.

Normally, the frst phase in the formatioof the large basinean be viewedrom crustal or upper
mantleloads leading tsubsidence agepresence of volcanisthatlast for several hundreds of
million years ad their classification according tthe geoid, potential field angravity anomalies

provide important corigaints for determining the geological properties and history of the Earth.

In general, the gravity anomaly has been widely used in exploration geophysics due to
technological restrictions and to the simplicity of its measurement and interpretation.

Historically, the use ofthe second derivatives of the gravitational pdi@nbeganto solve
geological problemg 1896with the development of th€orsion Balancenstrumentby Baron

Lorand von E6tvos, whichuickly made thegravity gradiomety possibleto oil prospectors

around the worldbecoming thepredominantgeophysical techniquiar exploration purposes.

The use of gravity gradiometry continues to grow, and consequently, its measurements have also
increased the resolution in the upper geologic secliom e  E gravityhfiéldstogether with

satellite missions Isacontributed to determine and improve the understanding of the Earth's
gravity field in the past de ticasdtallites Have provided y e a |
information about medm and longwavelength componesit n geopotenti al mo d
gravity field represented in spherical harmonlosleed,a variety of global geopotential models
express the earth's gravity field and therefore the geoid height in terms of sphenuahibs
andhave been computed by various groups, for example, GEPM®and C (Wenzel, 1998)

EGMO96 (Lemoine et al., 1998)Recently, the CHAN? (CHAIllenging Minisatellite Payload)

Mission (Reigber et al., 2002and theGravity Recovery And Climate Experiment (GRACE)
Mission (Tapley et al.,, 2004)as well as itdatest gepotential models, e.d2GM2008 model



(Pavlis et al., 2012)led to significant contributions with respect to knowledge about long
wavelength and consequently lemgvelength geoid for providing global and higgsolution
estimates of t he Ear tpbordél sariagonsékeliert apd Sharife 20dD5; a n d
Kiamehr and Eshagh, 2008; Rummel et al., 2002; Yi et al., 2010)

Finally, the GOCE (Gravity field and steaetae Ocean Circulation Explorer) Missi@pples

the principle ofSatellite Gravity GradiometrySGG) that is being used in space wightri-
dimensional (2D) gradiometer on board to measure the gravity gradient components of the
Eart hdés ¢ prevmingtaynewf regeohabl aspect for global geopotential mo@eSA,

1999; Keller and Sharifi, 2005; Rummel et al., 2002; Yi et al., 2010)

The most direct way to detectustaldensity anomalies is the study of tarthgravity potential
field and its derivatives. Thushe global availability and good resolution of the GOCE satellite
gravity gradiometrymission coupled with the availability of data from terrestrial gravity
surveys, are ideal for the scope of intercompansand classification of thémazon and
Solimdes sedimentary basins, which peological terms are very old and classified as
intracrabnic or Paleozoic basins ian area of almost 1,000,000 kmeparatd by the Purus
Arch.

Although modern gravity measuremerftaverecorced with great precisiothe Ear t hdés, gr av
this field i s knoedgesandocon@ntno directonal infdrnyatioh; ohth s 6 s

the eason why there is a large varietyinfersion andinterpretation methodasing gravity
gradients The gravity gradiestdirectly recwer sharp signals ovéne edges of structures, where

the concept of gravity gradiometryas3D gravity and its anomalies reflect the edges and shapes

of sources rather than jutste mass distributior{Bell et al., 1997)Eachindividual information

of the gravity tensor can be related to geologittaibutes (subsurface geology) and are used to
locate bodies or to map geological contact information (horizontal compoignts,, Txy, Tyy

and Ty, whereas the vertical component) provides additional constraint and information

relating to sizedepth and isopachs of geological targets.

The impact of working with these pieces of information of the gravity tensor can be significative
as an O0engined that facilitat e sbutalsm mapgimgnts i f y
geological cofiguration in any survey area in terms of shape, size and orientation of target
structuregfMurphy and Dickinson, 2010)

The use of invariant analysis with gravitational and magrggticlientsis one of the methods
studiedby Pedersen and Rasmussen (1990) describing a procedure which combines all the



horizontal component®f the tensor using the invariance to isolate #ignature patterns
emerging from the underlying geology to produce a series of lineament maps thatitiikca

dimensionality of the sources.

Hence, thelithospheric density structurean be studied through a 3inhodelling of density
distribution using the geometry of basement and Moho discontinuity, assumed to be known as
initial constraint.Furthemoret he Ear t hdés gr ageoid graviy anerh@sand n t er
gravity gradient tensor componertan be studied to allownodelling and studying of these

structures.
[.2. Modelling 3D: A Direct Problem

Suppose that the shape of the earth and the density variations within it are exactly known. With
this information, a unique value of the actual potentid], can be found. That is, the
determination of the actual potential isvall-posed'direct” problem.Thus, die to its simplicity

and its approximate expressions relating to gravitational potential, thef tesgtangular prisis

has been target of interest in gravitypdelling Here a threedimensional density distribution

can be approximatewith desired accuracy using the prisriiitis can berepresenteavith the
discretization within the Earth in regular prisms which are associatechaititogeneoudensity
contrast valuesfor the calculation of the potential gravitational and gravity gradie

independently ofheother neighbor prism of different density.

The formulation ofNagy et al.(2000 gives the fieldof the rectangular prisnwhich limits the
applicability over large areas because it implies an approximatitre flat earthbut even so it
is a good alternative for describing the denslistribution and especially useful in studies for

gravitational potentianodelling

The gravitational potential and itlerivativesof a spherical prisnm spherical coordinatebeing
defined as tesserqidas obtainedby Heck & Seitz (2007)This geometryprovides the fomulas

for the topographidsostatic reduction of the vertical deflecticilmsreveal the advantage using
tesseroids instead of prism due tohtdterapproximationof the spherical earthHowever, the
representationf the Earth in spherical tesseroids only can be computed numerically because
approximated form yet Isabeen foundto solve the triple integral analytically due to the
occurrences of efitic integrals. ThusHeck & Seitz (2007suggestal to use an approximated
integral solutionthat reduces ta surface integradby numerical integration with respect tize

radial coordinate.



Although the use of gravity gradients data in hydrocarbon amérail exploration is more
common, nevertheless interpretation of these data iaseaisy as standard gravity data. There is

a study(Saad 2006) showing that for a given source, regardless of its simplicity, gravity
gradients produce a complex patterhanomalies compared to the simple sirgheplitude
gravity anomalies. The gravity gradients amaximum overthe edges, corners and center of
mass ofthe causative bodyaccording to the componerithis ha been observed differently by
Bell et al. (1997) showingthat integration of gravity gradiometry measurements into standard
gravity (vertical component) significantly changes the power spectrum , slogeating
improved resolution of small featuréy the gradientsThe steepness of the power spectrum
obtained by gradiometry can reflect enhanced curve suggesting that gravity gradients
significantly improve the capability of gravity to constrain the location of structures. In contrast
to the flattening of thetandard gravitgurve indicating a limitatin of resolutiorto constrairthe

anomalous mass using only the traditional gravimetric proceeding
[.3. Problem Statement

This research is part @f greater project that asthe goal to usethe GOCE products of the
gravity potential to studylarge scalebasins of the South American continent (Amazon,
Sdimdes, Parnidba, Parana the TarimBasin and the MichiganBasin for intercomparison
which will allow to classify the basins according their potential field signallhe projectis one

of the GOCEuser pojecs, withl D: 43 2 3, entitl ed: Al mplicatio
large scaldasins from GOCE observations.

In this work, inthe first phasea digital database of constraining datas ©nstruced, which
extended ovethe study areaand includedbasement depttsediment densities, sediment depth
variation, Moho depth, lithospheric thickness (where availablélen the stimaton of
anomalies and derivatives generated by variations in topography and thickness ohtsadime
crust/mantlevariations was don&s well as thenappingof the observedyravity anomaliesand
other terrestrial datavailable. Phase one is a feasibilitstudy to SGG Gatellite Gravity
Gradiometry of GOCE to investigatethe gravity field signal in Amazon and Solimdes
sedimentary basinsPhase two involvest wmparison of the GOCE products data, gravity
potential and its derivatives, withe availablgerrestrial gravity datarhe final phase involves

residual fieldsn order to determine crustal and upper mantle density anomalies



I.4. Feasibility

First and foremosthe definition of feasibility within the scope of this study folkalso a part

of the Science Goals of the GOCE Missi@ng. Table 4.1 of GOCE Lev@ Praluct Data
Handbook)(Gruber, et al., 2009)Particularly, his research is constrained to a greater project
described above and whidtas as principahvestigator my adviser itniversity of Trieste
CarlaBraitenberg who is alsahe promotorof the International Academic Agreement For-Co
Supervision and Double Diploma between the University of S&do Paulo (Dept. of Geophysical)
Brazil, and the University of Trieste (Dept. of Earth Scienc#sly, making ny PhD thesis
feasiblein this frame.

Thegravity field and gradient tensor ddtave been observed in t&®CE missiorand | use the
geopotential models GOCE and EGM2008.

This study concerns understandithgg density anomalies on Paleozoic Amazon andnBes
Basinson the Amazon Craton that cover enormoymrtly inaccessible areaenly partially
terrestrial gravity datairregularly distributed are available,wherefore higkresolution global

satellite gravity gradiometry data produced by GOCE arengiss for fulfilling this research.
| use other data available from open literafasesediment thickness and Moho depth.

| compae the terrestrial data gravity field with EGM2008 and GO@#tluced gravity field
becausethe terrestrial fields may be affected by errors at long wavelengths due to errors in
leveling, different height references, and problems in connecting different measurement
campaigns. In inaccessible areas the GOCE observations provide new inputs to detsmin
regional fielddSee APPENDIX A)

The GOCE data will improve the representation of the regional field, which is also one of the

main objectives of the mission.

Innovation: A systematic screening of the gravity potential field and its derivativesllagswa

study of the gravity field for these intcatonic sedimentary basins has not been made before,
although thepartial screening of geologic properties and gravitpdelling are available in

Milani & Zalan (1999), Tassinari and Macambif®99) and Nunn & Aires (1988), respectively.
Indeed, these types of basins have in common the fact that the Moho discontinuity is not shallow
in correspondence to basin, which implies that the mass deficit in the basin could be
compensateldly high densityin the crustal or upper mantlevels.Hypothetically,this fact could

be essential tdhe formation of these types of basins and could be relatedh &xlogite phase

change.



Contribution: The proposed reseaintributesto the improvement of the und@anding of the

solid Earth processes, in particular to the subject Lithosphere and upper mantle structure

underlying sedimentary basins here studibg Satellite Gravity Gradiometry GOCE

measurements
I.5. Research Objectives

The objective of this research i tise the GOCIEevel 2 products of the gravity potential and
its derivatives to improve the understandingAmhazon and Solimdesedimentary &sinsalso
known as cratonic or intracratonic basinand which bearimportant naturalhydracarbom
resourcesn Brazil.

Of particular interesin the gravity anomaly majis thechain of gravity highs that transects the
Amazon Basinroughly coincident with the maximum thickness of sedimentary rockbeor
trough of the basin. This can be primarily due to thesyreed downward deflection of the

crust/mantle boundary beneath the basin.
[.6. Study Area

This studyis concentrateth the gravity observations of tiRaleozoic Basins in Amazon Craton,
Brazil: the Solimdes and Amazon Sedimentary intracratonic bamiasituged-1 0 U O @G O

latitude and7 5 U 4@5° & loigitudeand are discussed the next chapters.
[.7. Preview structure

This thesis is divided inteightchaptersThe Chapters | through ¥re dedicated tbhighlights
statements, understanding and objexstpf the problem setugiterature reviewwith history of
gravity gradiometrythe history of gravity satellite missions and global geopotential models for
the gravity field, methodologies amdethods required to collect and enhance datd in this
research Among the fivesubsequent chapteithie Chapter llgives a brief geological description
of the study areaChapter Illsummarizedriefly basic gravityfield principles,the methods and
tools as satellite gradiometry terrestrial gravity observationsand a representatiorof the
Geopotential Gravity Model (GGM) spherical harmonics shortreview of previougravity
(geodetic)satellitemissionsandglobal geopotential models, a®ll as methodology for forward
modelling and topographic reduction Chapter IV encompasses the historgf gravity
gradiometryanda review ofthe satellitegravity gradiometeGOCE technology. Furthermora,
study was done on thmodellingof gravity gradient®asedon the formulas oNagy etal. (2000)
(prism models) antieck and Seitz (2007fesseroid models)
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ChapterV coversthe processing of the GOCE Level 2 Produdista, EGG_TRF_2 which
requires the extraction and preparatamadditional correctiogneecd in order toremove the
GOCE GGs noise (shift/drifjn XO pointsdueto different orbit heights.

In the chapter Vithe calculation of théopographic masses reductioissobtainedfor gravity
gradient components and gravity anomaly (vertical component) using tessém Digital
Elevation Model (DEM) such as ETOPOChapte VIl also provides the resultsanalysisand
discussion of the gravity fieldening to report thefindings from the feasibility study
Furthermore, theChapter VII provids other datafound in the study areaas basement depth,
sediment densities, sediment depth variation, Moho depth. Estimation of anomalies and
derivatives generated by variations in topography and thickness of sediment and crust/mantle
thicknessand mapping & the gravity anomats and other available terrestridta. Alsohow

gravity gradient maps were constructtdm GOCE and geopotential models order to
determineresolution and precisiorkinally, the Chapter VI is a closing discussion that will
concludethe thesis wittsignificant contributions and insight&lso, asummary of the research

and possiblehallengesandfuture workrecommendations will be discussed.



CHAPTER I

II.  LITERATURE REVIEW: AN OUTLINE OF THE
GEOLOGY IN AMAZON AND SOLIMOES BASIN

It is essential to understartie driving mechanismwhen consideringhe evolution and
subsidence historpf the basins asvell as the age from geochronology, which provitles

duration and magnitude of independent subsidence episbtesrelative subsidence due to
thermal contractioffollowing a heating event continueshether or not the basin is expoged

eustatic lowering of sea level suggesting that sequences ihesed between cratemide
unconformities reflect separate mechanical episodes of subsidence. However, these reasonable
eustatic sea level changes could cause the main unconformities observed in rapidly subsiding

platform basins according to Nunn and Ai(2988).

As such, we have Paleozoic sedimentation preserved when referring to the remnants -of signifi
cant, mostly undisturbed basins. The large Brazilian babigsirgll-1), for instanceSolimdes,

Amazonas, Parnaiba and Parand, are named after large rivers that flow along their major axes.

In particularthe presenstudyis localized onthe Amazon and Solim&Basins thatollow a E-

W trend overlyinghe Amazonian Craton (AC) which is considered as one of the largest cratonic
areas in the worldetween exposures of two large Precambrian shields, Guiana Shield to the
north and the Brazilian Shield to the sauthis locatedin the northern part of South America
covering about 440,000 Krsurrounded tohe east by the Neoproterozoic Tocantins province, in
which the active orogenic systems Araguaia and Paraguay mobilegbaksatedduring the
Brasiliano Orogem Cycle The AC is concealed beneathe Phanerozoic coveragé several

basins as to the Northeast (Maranhao), South (Xingu and Alto Tapajés), Southwest (Parecis),
West (Solimdes), North (Takutu) and in its center (Amazon bdMajos and Brown 1992;

Milani and Zalan 1999Bizzi et al. 2004Cordani et al. 2009).

[1.1. Introduction

The Solimdes and Amazon Basins comprise an area of almost 1,000,8Gth&mwere formed
overlying the central parof the region starting in the Lower Paleozoithese strucires show

many tectonic and magmatic features always related to major tectonic events occuheig at
margins. To the North and West, the Andean belt was the source of the stresses responsible for

some important tectonic reactivations, mainly related to compressional or transpressional



stresses To the nortkeast, extensional features are the result of the opening of the North
Atlantic, starting at about 200 Ma.

Due tothe paleomagnetic and geologic emdes that have beerdescribedin Tohver et al.
(2006),Cordani et al. (2009) and Bipdantos et al. (20)2there is practically no doubt about
the existence afhe Pangea at the end of Paleozoic, and also about the position of the different

cratonic nuadi within the Amazonian Cratoras suggestby Cordani and Teixeira (2007).

-75° =70’ -65° -60° -55° -50° -45° -40° -35°

-~
S

Phanerozoic Basins

Proterozoic
[[] Paleozoic
[] Mesozoic
[ ] Cenozoic

Figurell-1: Main Brazilian Phanerozoic interior sedimentary basing the study areathe Solimdes
and Amazon Basins. Data: CPRM (after Bizzi et al., 2004).

The tectonic units in the AC compose a large crustal province known as the South American
platform, and, in association with the Andean belt and the adjacerandaebn flats,they
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constitute the bulk of the South American continent aremainedtectonically stable in
Phanerozoic timedMilani and Zalan 1999Bizzi et al. 2004Cordani et al. 2009).

[I.2. Geochronological Provinces of the Amazonian Craton

The isotopicstudies and the definition of geochronological provinces are useful for providing a
basis for the understanding thie crustal evolution processes and their tectonic implications on a
continental scale. Here the geochronological pattern of thevih@e summarizedattempting to
describe thésotopic and geological data to understand the geological evauibistory,based

on the works ofAmaral (1974); Cordani et al(1979; Teixeira et al.(1989; Tassinari et al.
(1996; Tassinar{1996; Santos et al2000; and Bizzi et al(2004).

The suggestetkctonic evolution controlled by crustal episodéaccretiongartially follow the
principles ofStockweel (1968) obtained the Canadian Shield studpased on the occurrences

of the geologcal similarity between this unit andther cratonic regions in the worldFor
example, Africa and Australiagre major zones within cratonic areas, where a characteristic
geochronological pattern predomirgtand the age determinations obtained by different isotopic
methodologies for different geological untisaracterizethe divisions mainly on the basis of the

ages of the metamorphic basement #reyeological characteristicklowever, these provinces

may include one or more orogenic episodes within their respectivept@meds considering
orogeny as a period of metamorphic episodes accompanied by deformation, partial melting and
syntectonic granitic intrusions, and not as the broader concept of aetenopbgenic cycle,
involving subsidence, deposition of sediments, metamorphism asghpostectonic magmatic
activities and anorogenic episodes. Thus, the provinces mainly differ from each other in the ages
of metamorphic terranes and their geologtdatory (Tassinari and Macambira, 1999; Coutinho,
2008).

According to Tassinari and Macambira (1999), the geographical boundaries between
geochronological provinces in the AC have been reasonablydeffied mainly according to
the geochronological anthe geophysicaktructural models, although some limits are still not
well characterized due to the overprint of age determinations and/or lack of reliable geological
information. Therefore some boundaries alreddfinedwere questionedegardingthe precse
location of the geochronological boundari@sservedin the field thatare increasingly being
established from detailed geologicalidiessince Amaral (1974 )passing through Cordani et al.
(1979), Teixeira et al. (1989), Tassinari et al. (1996), hassand Macambira (1999), Tassinari
et al.(2000), Santos et al. (2000), Bizzi et al. (2004), Cordani and Teixeira (200Zpethahi et
al. (2009).
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Based onthe radiometric data fronthe Precambrian rocks of the Brazilian Amaz@nedominantly RESr analysisdifferent authors proposed an

evolutionary model for the Amazonian Craton.

Tablell-1: Evolution of the mainnterpretons ofsubdivisiors inthe Amazonian Craton (modifigtbm Bizzi et al., 2004).
Amaral | Cordani et| Teixeira et al.| Tassinari et al N Tassinari and - Cordani and Teixeirg
(1974) | al. (1979) | (1989) (1996). Tassinari (1996). Macambira(1999). Santos et al. (2000) | Bizzi et al. (2004) (2007)
) mi[)ci)lr;rltacalunaBsélt MaroniltacaiGnas | Maronkltacaitnas g/lzaorgriglé%calunil/'lsa TransAmazonian TransAmazonian MaroniItacaiunas
Maro_rjr (includin (including 22001950 Ma. (including onl arlt 22502000 Ma.| 22502000 Ma.| 2.252.05 Ga -
East Itacailinas Ko MudKku (including only part g only part ;ncluding the | (including the | Paleopreerozoic
astern 21001800 Belt) 22501900 A of t he A N
A 22001900 Ma. of the KO&N Ko6Mudku BegKO6Mudku Be| belts.
mazon . Ma. Be't)
Ma  (with
Carajas) Carajas  253@100| Carajas 2533100
Ma. Ma. Central Amazoniary
_ . 26 Ga. Archear|
Central Amazoniar) Central Amazonian cenrg) Amazon Central Amazon nuclei (including
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gﬁg;?)ln Amazonian | €arajas) > 2500 Ma; > 2200 Ma. TapajésPaima TapajésParima 2100 | VentuariTapajés
> 2100 Ma. 21001870 Ma 1870 Ma 1.981.81 Ga
TapajosVentuari TapajosVentuari
19001800Ma. 19501850 Ma. Rio Negrojuruena
Rio Negro 186a1520 | Rio Negro 186a1520| 1.78 1.55 Ga- soft-
Rio N Ma. Ma. collision/accretion
10 Negre i processes
Juruena '\R/Ilgb”el\legre?t\]u;l;esga Rio NegreJuruenal Rio  NegreJuruena| Rio NegreJuruena
17001450 1500 Ma 18001550 Ma. 18001550 Ma. 18001550 Ma. Rond6nidJuruena
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Amaral (1974) divided the craton into three geochronological provinces (i.e.: Eastern, Central and
Western Amazon Provincesh a model that was refined by many authors sucB@slani et al.

(1979) Teixeira et al. (1989), Tassinari et al. (BR9Tassinari et al. (2000), Santos et (@000),
Cordani and Teixeira (200.7The CPRM(Geological Service of Brazilpas develope@ broad
geochronological program in the Amaz@gion focusing on SaNd and UPb SHRIMP analysis.

Part of the results of this program, together with contemporaneous works mainly at the Federal
University of Para, were incorporated in the work describedizai &t al. (2004), which allowed

some changes and promdienportanimprovements in the model of Santos et al. (2000).

These geochronological evolution models can be resumEabiell -1 with a short synthesis of the

main geologic features, and to some extent the related geochronological control, for the Archean
and Proterozoic tectonic units of the Akigurell-2 shows the model adopted in Bizzi et al. (2004),
presentedy Santos et al. (2000), who reinterpreted the previously defined AC provinces based on
U-Pb and SiiNd data contained ogeveral regional maps produced by CPRM.

Major advances have occurred in the period of 2000 to 2002 in the geochronological evolution
model presented by Bizzi et al. (2004) and Cordani and Teixeira (2007), that can be summarized in
Tablell-1 andFigurell-3.

According to Bizzi etal., (2004), there are seven AC geological provinces of distinct ages,
evolution, and structural patterns, namdfg@rell-3): (i) Carajas with two domaing Rio Maria
(Mesoarchean) and Carajas (Neoarchean); (i) Central Amaz6nia (ArBtadeoproterozoic), with

the Iriri-Xingu and Curu@apuera domains; (iiifransAmazonian (Rhyacian), with the Amapé
and Bacaja domains; (iv) Tapaj®arima (Orosirian), with the Peixoto de Azevedo, Tapajos,
Uaimiri and Parima domains; (v) Rondbinjaruena (Statherian), with the Jamari, Juruena and
Jauru domains; (vi) Rio Negro (Statherian), with the Rio Negro and Imeri domains; and (vii) Sunsas
(MesoNeoprderozoic), with the Santa Helena and Nova Brasilandia dom&espite the
deficiencyof U-Pb and SiiNd data over large areas it is possible to state that each of the Provinces
was generated by a succession of orogenies. Some of the Provitteas she Trandmazonian
(2.262.01 Ga) and TapajéRarima (2.0B1.87 Ga) Provinces, are composed by four distinctive
orogenies; while the Sunsas Province (L1450 Ga) was generated by three orogenies (Santa

Helena, Candeias and Nova Brasilandia).

According Coutinho (2008), the almost total absence of terrestrial gdbeggesence of extensive
vegetation coverthe absence of an appropriate scale geologic mtges absence of profiles in
airborne geophysical surveys with spacing of less than 1 kntherldck of a geochronological

support enabling the understanding of the geologexbnic evolution of the regicare the causes
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that makes theAC remainsin one of the lowest levels ithe Archaean geological knowledge,
especially in the part comprisday the Brazilian territorydespite of theexistence ofminerals

resourcegiron, gold), oil and gasn the region
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. Sunsas

Rondénia-Juruena and Rondonian
Rio Negro and Rio Negro-Juruena
| Tapajos-Parima and Tapajos-Ventuari

Trans-Amazonian (Maroni-Itacaitinas)
Centra Amazon

Carajas,Carajas Domain
Carajas, Rio Maria Domain

Figure II-2: Evolution of modelsfor interpretation of the Amazon Craton. Model$:JAmaral
(1974); 2i Cordani et al. (1979); B Teixeira et al (1989); 4 Tassinari (1996); 5 Santos et al.
(2000) modified of Bizzi et al. (2004).

Hence overthe time these tectonic provinces v@abeen modified with increasingamount of
geochronological, geologicand geophysical dataRecent works broughbhew insights inthe
geochronological boundariesf the Amazonian Craton and its tectonic provincésadedby
Cordani and Teixeira (200@ndcorrobaatedby Cordani et al. (2009Wwho hassubdivided theéec
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(MARAUIA, iCANA, 1521 m.y; UAUPES, 1524 m.y), GRANITOIDS POST-COLLISIONAL (TIQUIE)

[E RONDONIA-JURUENA
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SERIES OF ACCRETIONAL OROGENESIS, 2817-3002 m.y

Figure 11-3: Amazonian Craton Provinces modified from CPRM data (after Bizzi et al., 2004)

draped over ETOPOL digital elevation model, Amante and E&XODS).

tonic provincesmodified from Cordani et al. (200@to two Archean cores and five accretionary
Paleoproterozoic belts (provinceglrigure 11-4). Two small ancient nuclei of the Central
Amazonian Province (with ages > 2600 Ma) consisted of the large Carajas igyegtestone

terrain, and the Xinguricoumé block, where the extensialeoproterozoic cratonic cogaf the
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Roraima Supergroup occurs, overlying gneissic and granitoid rocks. Established Archean crust is
restricted to the Carajas regidocated atsoutheast of the Amazon basin, whose rocks yielded
radiometric ages betwre2600 and 3200 MaCprdani et al. 2009)Proterozoic tectonic provinces

with radiometric ages in thanterval about 225050 Ma (Maroniltacaiunas), 1980810 Ma
(VentuariTapajos), 17801550 Ma (Rio Negrauruena), 1550300 Ma (Rondoniaf$an Ignacio)

and 1280950 Ma Sunss) are described in these works

Amazonian Craton

Cenlral Amazonian
Frovince

m {aronk-ltacaiunas
VertuarkTapajos
Amazonian Frovince
Craton m Rio Negro-Jurvena
Frowince

Rondonian-San J'g!.éw’o
Frowvinee
Sunsas Povince
Smaller cratonic masses
S0 Luis Craton
— S&0 Francisco Craton
)
CRme | ujz Ales Craton
Rio Apa Craton
Neoproterozoic tectonic provinces

_S - Borborema

M - Mantiguerra
T - Tocanting
Sdo Francisco
Craton Andean belt
.. ® o | Basement iniiers
7" PARANA ~20¢ _
0% Rio Apa BASIN Sedimentary covers
oo | Crmn ; —
60° @ Luiz Alves Craton || Pranerozok
I «« o Frecamivian

I =SOUTH AMERIGAN PLATAFORM
Il "FORELAND BASINS
Il =ANDEAN OROGENIC BELT

Figurell-4: Tectonic framework of South America with emphasis on the Amazonian Cratats
tectonic province# the northeastern Brazdn regionthe Borborema province (Bpredominates
the Tocantins province (Tis present in theCentral Brazilregion, which includes the Goia
Magmatic Arc (GMA) and the Mantiqueira province Xextractel from Cordani and Teixeiye
2007).

As discussed irMilani and Zalan (1999)it is interesting to nate that the basins had their
subsidence mechanisms reactivated during additional tectonic events, resulting in a pile of
sedimentary and volcanic strata that can reach cumulative thickness of more than Tob@ m
Amazon Basin. For instance, rifts are imobelowthe Amazon, Solimdes and Parnaiba Paleozoic

basins thathave in their sediments about 240,000 lafintruded diabase, mainly in the form of
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sills. Such igneous rocks are essentially constituted of plagioclase, pyroxene, quartz, biotite and

horndende, and were united under the named Penatecaua Episode (Wanderley Filho et al. 2006).

However, older ages stratend even their restricted areal distribution, contradicted the hypothesis
that considershem as the direct predecessors of the overlyitrgdratonic sagéMilani and Zalan
1999) andseveral papers have begaublishedasan attempt to understand the intrusion mechanism,
the ageandthe variation in the chemical composition of these sills, as well as their influence on the
oil generation. Fancis (1982)for examplestudied igneous features in North of England showing
that when the diabase is still fluid, it can migrate dip down, by gravityherdirection to the
structural depocenter and if there is any lithological and/or structuragjehén’'seekghe easier

way" to continue its flow towasthe structural troughNlilani and Zalan 1999Wanderley Filho et

al., 2006).

Hence as discussed iNilani and Zalan (1999)there was an initial subsidence mechanism from a
Proterozoic crustal s#tching associated with their formation or Early Paleozoic extensional
reactivation of the Precambrian structural grain. Subsequent subsidence would have been achieved
either by different episodes of reactivation by crustal stretching, alwsygthe exsting grain, or,

in additon, by flexural mode due to the cratonward influence of distant, -piatein collisional

tectonics.

According to Milani and Zalan (1999whatever have been the driving mechanisms of the
subsidence events, the depressions iidesl with essentially siliciclastic sedimentary sections
with the notable exception of an evapogtabonate cycle in the Solimbes and Amabasins,
corresponding t@ largescale Paleozoic transgressiegressive cycles. Thaital cycles usually

shov marked glacial influences with Devonian age (Solimdes and Amazon) with respect to the
location of the basin over the Gondwana supercontileat always wandered close to the South
Pole. In these basins the last transgressgeessive cycle is almoshiformly terminated by late
Permian to Triassic continental red beds that mark the drying out of the interior sags and the
definitive disappearance of the seas from the cratonic areas of South America. The Mesozoic
history of these basins is recorded amtmental sedimentary packages and large volumes of

magmaticrocks
[1.3. Solimbes Basin

The Solimbes BasifFigurell-1) is situated irthe northern Brazil, right in the heart of the Amazon
forest and compresan area of ove800,0® km?. Only twothirds of this area corresponds to the

region of occurrence of Paleozoic strata (400,006) kine remainder being dominated by a sandly,
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Cretaceoudo-Recent continental cover that prevents outcrops of the Paleozoic successions in the
basin. ts sedimentary fill ranggfrom the Ordovician to the Permian, grouped into three sequences.
The sedimentary environment of these rocks is in general marine, with brief intervals of continental

sedimentatiorfMilani and Zalan, 1999)

This basintogether with its eastern counterpart, the Amazon Basin, constitutes an impre¥give E
oriented interior basin, 2,500 km long, 500 km wide and up to 5,000 m deep. The flexural arches of
Iquitos and Purus separate the Solimées Basin from, respectivdig westfrom the Acre Basin

which is interpreted as a retroarc foreland basin related to the Andean oroganéstse Amazon

Basin to the east. Inside the Solimbes Basin, a prominentSERatriking positive featurethe
Carauari Archdivides itinterndly in two subbasins to west and to east of the Carauari high,
respectively, the Jandiatuba and Jurualzaginswere placed beneath igneous and metamorphic
rocks. Southwest of the Solimbes Basin, below thelbmgin Jandiatubas located the Eirunepé
sub-basin separated by Jutai Argkies and Vaz 200@Bizzi et al. 2004Eiras 1998.

Particularly duringthe pre-Pennsylvanian times, this structural high exedeatkcisive control on

the sedimentary thickness distribution and facies. The easternmost Jurbassntvashydrocarbon
reserves irthe Paleozoic cratonic sequences with a package of sedimentary rocks up to 3,800 m
thick and Proterozoic rifts (Bizzi et al. 2004). Its axis is mdrkg the presence of the Solimbes
megashear zone, a classic example of an intraplate deformation belt that comprisesuadtaltt

system in a N707 80°E direction, with a total length of about 1,000 km, caused by Jurassic to
Cretaceous rigHiateralwrenching constituting the main structural style of hydrocarbon traps in this
basin as described bililani and Zalan (1999)

Indeed, diabase sills and dykes occurred during late Triassic to early Jagessichich played an
important role inthe hydroarbon generation frortihe Devonian source rock¥he diabase sills can
occur through hundreds of kilometerstims sedimentary basin. Its trajectory can be facilitated by
fissile materials or diverted by lateral variations of facies and by faults. |18 edmse the intruded
rocks are sandstong they frequently jump abruptly, forming a variety of patterns. These rocks
strongly influence the exploratory activitiesthre basin. Diabase sills occur also over Purus Arch,
although with minor expression, sinttee natural behavior of these bodies is to follow down dip the

sedimentary beds (Wanderley Filho et al., 2006).

The stratigraphic structure of the Solimdes Basinonstitutedof four Paleozoic supersequences
covered by two units, onef Cretaceousage and the othewof Early Cenozoic to Recerdges,
passing through the Ordovician, SiluriBxevonian and Devonia@arboniferous Sequences. The

Paleozoic sedimentary units were intruded by igneous rocks, which have a maximum thickness
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drilled by the well in tle Solimdes Basinf 1038 m, during the Late Triassic and Early Jurassic, an
event known as the Penatecaua magmat{2800 Mg. Such igneous rocks are essentially
constituted of plagioclase, pyroxene, quartz, biotite and hornblandetheypresenta dominant
subofitic textureFinally, asdescribedn Milani and Zalan (1999) partial continentalization of the
Solimdes Basin took place during the initial stages of the Carbonif®eusian Sequence
sedimentsuntil it completely surpass the Purus archilwgkthe Solimées and Amazon Basins into

a single depositional sililani and Zalan 1999Wanderley Filho et al. 2006).
[1.4. Amazon Basin

This basin may be classified as produced by extensstresseand Interior Sag, caused by vertical
movements coveringbaut 515,000 kmof the northern Brazikin region lying completely under

the Amazon jungleRigurell-1). Its main axis trends Ea¥¥est and its sedimentary and intrusive
rocksare between the twaonain Precambrian provinces, Guyanas shield and Central Brazil shield,
cropping out along both sideof the northern and southdvasirs, respectively(Bizzi et al. 2004
Milani and Zalan 1999Nunn and Aires988).

The basement of the Amazon Basin is dominantly constituted and filled by igneous (maximum
thickness of 915 m drilled bg well in the Amazon Basin) and metamorphic rocks ranging from
Ordovician to Cretaceouagesin marine to deltaic, alluvial, fluvial and lacustrine sedimentary
environment in some Proterozoic rift successions occured in its western portion, composing the
Puus Group. The northernmost basin of the province is the Tacutu Basin. To the east, the Amazon
Basin is separated from the Mesozoic Marajo rift by the Gurupa arch. To the west, the Amazon
Basin is separated from the Solimdes Basin by the rough8tidndng Purus arch. In its
depocenter, the basin holds a stratigraphic record up to 5,000 meteliathiding three Paleozoic
supersequences covered by Cretaceous to Recent continental cldsicsdest Paleozoic age
sedimentary rocks drilled in Amazon 8a arefrom the Middle Ordovician(Bizzi et al. 2004

Milani and Zalan 1999Nunn and Aires 1988NVanderley Filho et al. 2006

The existence of strong, positive gravity anomaleesncident with the trough (major axis) of the
Amazon Basinsuggestedhe presence afhallow ultrabasic bodigMilani and Zalan 1999, later
confirmed withthe observation otliabase sills and dikes as showed irsm@ lines and wells
(Wanderley Filho et al., 2006), together with the underlying aulacogenic. sitataled to the
classic interpretation of a rifting mechanism as the initial driving mechanism fobabim
subsidencedthough igneous activity can occur substantially befand/or aftethe continental
rifting. As described in Nunn and Aires (1988&)erifting or intrusion of magmatic bodies beneath
the Amazon Basin is assumed ave occured in th€ambrian orthe Early Ordovicianage, asa
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large pyroxenite body beneathtbe basin has been dated as Early Cambrian (565 + 70 Ma) using
the Nd/Sm methad

According to Nunn and Aires (1988) the preliminary interpretation analysitheftectonic
subsidence curves from deep wells in the basin indicated that the OrdovicigmiSgund
Devonian/early Carboniferous sequences are consistent with thermal subsidence following rifting or
intrusion of the lithospherein close agreemenwith the results from studies of the lllinois,
Michigan and Williston basins. Howeveahe Late Siluian/Early Devonian unconformity can be
explained by a eustatic sea level fall of less than 100 m. Smaller deviations from the exponential
subsidence expected fromme thermal contraction of the lithosphere are probably owing to

sedimentological effects errors in the time scale.

Milani and Zalan (1999)suggested a second transgressegressive cycle recorded by the
sedimentary rocks composing the Devor@arboniferous Sequence, which was considered as the
record of maximum paleobathymetric conditi@hging the history of the basin. In the upper units
this sequence recorded the regressive portion of the cycle. During the final stages of the

Mississipianage,a regional erosive process affected the Amazon Basin.

Therefore, possible explanations as fsggd in Nunn and Aires (1988) for rapid subsidence late in

the evolution of a sedimentary basin include a second rifting or intrusion event, thermal and/or
stress relaxation of the lithosphere, and buckling by horizontal compression. Accordiiigrto

and Zalan (1999)a renewed cycle of subsidence and sediment accommodation took place from the
Pennsylvanian onwards. The lowermost package of the CarbonHeesmsan Sequence is a
blanket of eolian sandstones covered by a section of carbonates andtesapith subordinated
sandstones and shales that may reach 1,600 meters in thickness. The cycle is closed by continental
red beds of Permian age. E&gest regional extension allowed a pervasive intrusion of magmatic

bodies during the earktagesf the Penatecaua Event.

AccordingNunn and Aires (1988), during the Permian there is a rapid subsidence not compatible
with a rifting or intrusion event occurred Renatecaua magmatisithere is another inconsistency

in the magnitude ofthe late Carboniferous/Permian subsidence (maximum thickness of
approximately 2.5 km) with a single thermal event in the Cambliaane assumethat onlythe
vertical heat flow is importanit is known thatthe thermal subsidence of a sedimentary basin

cannot overcome for more than about 150 M

In summary, Nunn and Aires (1988) suggested the simplest explaratiothe Paleozoic
subsidencén the Amazon Basin from the (1) initial rifting or intrusion eventinigithe Cambrian
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or Early Ordovician followed by (2)reeustatic sea level fall in the Early Devonian temporahiat
exposd the basin to erosiornand (3), a rifting or intrusion eventlithospheric relaxation, or
horizontal buckling thatproducea rapid subsidence in the late Carboniferous/Permian, and finally
in (4) The Paleozoic sediments are uplifted, eroded, and intruded by basaltic rocks during the
Mesozoic.

Milani and Zalan (199) point out a great similarity with the Solimdes Basinterms of source

rocks and cap rocks. The most probable ones are extensionabléamkis, salt tectonics and
transcurrent movements during the Cenozoic. Significant differences with respect to the Solimbes
Basin may also have occured by an early métmaof the organic matter by normal subsidence
since the Late Carboniferous with a peak in the Late Permian. The thermal effects of the Mesozoic
magmatism accelerated rates of maturation or promoted jumps in certain areas into higher thermal

levels.
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CHAPTER Il

1. METHODOLOGY

This chapterdescribes in a simple way the maravity field principles, the methods atite tools
used tothe development thisvork, asthe satellite gradiometrynethod the terrestrial gravity data
usesandthe Geopotential Gravity Modsl(GGM). First, the GGM to be usedor evaluaing the
gravity anomaliesvas analyzed, and thentopographic correctiowas calculated to thgravity
data forremoving thesignificant high and midfrequency componentsaused by thattraction of

t he &tpograplic and isostatic massEse geopotential modelsomission errors were then
analyzed by the comparison withe availableterrestrial gravity datalhe gravity gradient tensor
valuescaused by @rism andatesseroidnodel was then calculated amder to help in théorward
gravity modelling.

For the described approach, thensity distributiorin the mantle/crust irthe regionof the Amazon
and Solimbesedimentary Basinsvaschosen as study case, mainly becaudeir large size, and
by the lak of terrestrial data anthe difficulty in the access of the areine use of satellite mission

derived fields isssential.
[11.1. Gravitational Potential

According to Heiskanen & Moritz (19670 calculatethe gravitational potentia¥ of a body ina
point P in the configuratiorshown inFigurelll -1, it is necessary to consider the dimensiang the
density distributiorof the body so a bodyof massm can bedivided into infinitesimal pieces of

volumedv' with densityj .

The gravitational potentia¥ originated by a body of mass at the pointP also define the work
realized by the attractive force of gravity per unit mass, to madvedyfrom that point to infinity.
The potential isa scalar ora tensor of zero order. From the theory of potential the gravitational
potential at a poinP in the Cartesian coordinate systery ¥, 2 due to the attraction of a mass
distribution at paat Q(x', y', z) with a density function (X', y', z) and volumev' can be written
generically by the following volumetric integral

® 0 -—Q@e -1
|
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wherei W o W e G oee denotes the distance between ¢benputation point
P(x, y, 2 andthe element point (integration poir@x 6 , ),Jkidown aztte Euclidian distance,
defined in the local Cartesian coordinate system with axes pointing in the east, north,\ainerep,

} is the density Q) QeR @@ &s the elemenof volume, andGi s Newt onds gr a

constantThe gravitational force vectd®is defined aghegravitational potential gradient

P(x.v.z)

X

Figurelll -1: Gravitational potential of a solid body.
T Y Y Y
’ P— -2
D o Bw ; (ﬂ—(&—é}(

The gravitational potentiaf(x, y, z)is continuous throughotihe space and vanishestate infinity,
decayingwith 1/r. This is due to the fact that for very langgduesof r, the body actapproximately
as a point mass. Therefore, in celestial mechanics, the planets are generally considered as point

masses (Heiskanen & Moritz, 1967).

The theoretical fundament of the gravity gradiometry follows Rummel (1986). The gravity
gradients ar¢he seond order derivatives of the gravitational potentia(L?V/pxux; = V;), which

form the nine components of the tensas¢ known as components of the symetric Marussi tgnsor
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The symbolp calledLaplacian Operatoris represeted by— — —withi,jf{1,2,3}ori,]j

I {x,y,z} for thethree axes of thadoptedcoordinate system

The first derivatives of the gravitational potentidlgenerate the gravitational force components,
which are also continuous in the whole space, but this is not true for the second derivatives. At the
points where the density changes discontinuously (i.e., inside of the source masses), some second
derivatives present discontinuity, and so, the gravitational pote¥itiak., the trace of the tensor)
satisfies Pdis st iOfHeiskangrudaMoiitz) 1967).

The gradient tensagpV (a3 x 3 matrix) is symmetricalAlso, gV is a rotational vector fieldnd in
the empty space (vacuungsthe density is zergq(=0), Vs at i sfi es Lapl aceds e
the trace of the tensor is zeMi + Vyy + V,;= 0. Thus, due tthe symmetry cofirmed by Laplace
equation, the gradient tensoronly contains five independent componentsecausew

W W
According to Equationlll-1, the potential linearly decreases when the distangecreases.

Consequently, the gravitational force and gravitational potential gradients attenuate as a function of

r? andr®, respectively.

Gravity is a more familiar term, and with regard to a body at resh®Rkarth's surfacethe term
expresses theesultant gravitationgblusc ent r i f ugal (due to Earthos
combined forces acting on a unit massote thegravity vectorg. Gravity is the magnitude of the

vectorg and has acceleration unit

The gravitational acceleration vectpis given by

I o] O ©
T o o a

-4

1 144" =

and the gravitational gradient (second derivate of the potential) is a tdagged from these

values

23



The potential of the Earth (or geopotentidly, may be split into a gravitational pavt and a

rotational parfi

F oo IIi-5

where the rotational potential is given by

5 I1-6
C

andr is the velocity of rotation (in units of s&c(Heiskanen & Moritz, 1967).

In geophysicabpplications,ae |l | i psoi d of revoluti on ifigurechose
which is assumed to haven equipotential surfacand definesa normal gravity potentidl. The
difference between thge@otential V) andthe normal potential J) is defined aghe disturbing

potential T, such that

4 7 58 -7
In the same way we get ftite potential gradients:
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whereT,y is the rate of change of gravity the x direction whilea reference mass movasknown
distance irthe x direction andthe same apply for the rest of the tensor; for exanigjexpresses

how thex component othegravity changes in the y direction.

The disturbing potential, such #&se gravitational potential tensos at i sfi es Lapl ac
outside of the masses and is symmeteiative to the main diagonand so, only five independent
tensorcomponent§Tyy, Txy, Tx» Tyy @andTy,) remain.

[11.2. The gravitational potential and its second derivatives for the prism

According to Nagyet al. (2000), we can define a rectangular prism as a solid body givEp By,
Y1, Yo, Z; andZ, coordinategFigurelll-2). The first simplification is to definéhe point P where

one wants to calculate the gravitational potential located atrthm of the coordinate system. In
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practice, the coordinates defig the prism should be transformed if the orientationtre

coordinate system has not been changhts result in coordinates of integration as follow:

-9
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g8 €

This simplification can be&lonewithout any loss of generality. Thus, #ile computed values are
valid atO(0, 0, Q P(X,Y,4 (i.e., atx=0,y=0andz=0) (Nagyet al, 2000).

The disturbing potential a point P(X, y, 2 in theT space due to the prism is given by IHgl
and may be rewritten as
o Q aif) &) e

YO O | 1-10

wherei @ o «a is Euclidian distance between the pdifk, y, 2 and the mass element

localized inthecenter of the prisntat pointQ), a3 is thedensity ands is the gravitational constant.

The disturbing gravitational potenti(P) atP is evaluateds avolumetric integration othe body
of volume v @epresented byhe ABCDEFGH prism with contrast of density constant shoimn

Figurelll -2.

Figurelll -2 shows the notation used fdhe rectangular prism in Naggt al (2000). Note that the
coordinate system used here is na#stdown (NED),wherethe positivex axis pointsto north,

the positivey axispointsto east and positivedownwards
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Figurelll -2: Right rectangular prism and Cartesian coordinate system of the computation point P

element poin@ (modified after Nagy et al., 2000).

Theintegralin the Eqlll-10 can be solved using the volume element of the prism (Moaah

1992; Nagyet al.2000, 2002), resulting in formulakieto the potentialT(x, y, 2):

1 o~ w7 w 7 I [ 7‘ ]
1| ||- QO'ssed (» » e > el p —|Hl.—>
-11
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« > léss'

Replacing all the limits of the gravitational potential equation for the rectangular prism results in an

expression with 48 terms.

Although the potential exists and is continuous in téhole’ space Eqlll-1 when applied to
the rectangular prism model as an analytical solution is not defined at all the pointshefcause
it can generate problems due to numerical estimation. At points where these terms are undefined

they should be assumed to be zero since they have a finite limit @lagy2000).

The gradientof T is also continuous in theé space. Thus, thvertical component may be

estimatedy differentiating the Edll-11 with respect t,
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In the case where the second derivatives of the gravitational potential existarwebtainthe

following expressions:

o} Ossiic »gs s l-15
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Discretizing the Earth im prisms, the disturbing potentid{P) generated for this forward model

composed of prisms is given by

YU YU -21

Now, considang n computation points on the Earth's surface lsingrisms once the parametep
is constant within each prisme, constant density contrast), we can rewrite the potential equation

and/orthe gravity tensor as a linear system of equations of the type
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which is equivalent to
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where G or Gy is a matrix  x m) usually called the sensitivity matrix of the system. In the

forward method, the variabl€&anda jare supposedly known.

Figurelll-3 represerd a subdivision (discretization) within the Earth in regular prisms which are
associated with density contrast valfi@sthe calculation of the potential gravitational and gravity

gradients.

j-th prism

/

Figurelll-3: Schematic model of discretizing of the Earth's inteno¥l regular prisms (j = 1, 2...

M) for N computation points on the surface (i = 1, A).of the gravitational potential.
[11.3. Gravitational potential and its second derivatives for the tesseroid

Based in the geometry of a spherical prism, we can define the tes$agoia (11 -4) with its spatial
arrangement of six faces bounded by geographical lines on the spherical reference surface and
constant spherical heighte,, bounded by a pair of meridional planesspénd & constants, a pair
parallels planes dfi; and(i, constants, and a pair spherical curved surfaces aridr, constants)
(Smith et al., 2001; Heck and Seitz, 2007).
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Figurelll -4: Geometry of apherical tesseroid and spherical coordinate system of the computation

point P and the element poi® (modified aftertHeckand Seitz, 2007).

The gravitational potentia¥ at pointP(x, y, 2due to the fdAspherical p
homogeneous mass dengitg an be equally descri bedll-h)yandNe wt ¢
(II1-10) for example howeverin this case the expression mustreeritten in spherical coordinates

for thespherical tesseroid given Bygurelll -4:

{r v »
I,
oWviY 1z gk mf'!ve!l@ Il -24
{fr v »
where
B > e paHI Fl I1-25

is the Euclidian distance in spherical coordinates between the computationRfgiine) andthe
observation poin®Q(r @i§ 2§, andy is the angle between the position vector ahdQ,

29



HUET "Tie"l i viee H ¢1MHT 9leHT flee 1-26

Unlike the gravitational potential of the rectangular prism given by BHgl1Q), no approximated
form hasyet been found for the solution to the triple integral given in Hig24), sincean elliptic
integral occus; thus the potential of the tesseroid cannot be sokealctly However, this integral
with respect tahe radial coordinate éan bereworkedapproximating the solution by numerical

integration, usinghe formula (Martinec, 1998):

oMWY -7z "Hi ¢locm » BHI Fl
rov 1 -27
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Eq. (l1-24) is rather complex and timeonsuming due to the decrease of the gravitational effect
with increasing distanceso Heck & Seitz (2007usedMa ¢ Mi | | a n 0, bases rpaaTayor o n
expansionin its integrangdobtaining the maximum efficiency when the Taylor poinfixed at the

geometrical center of the tesseroid,

v
v
v
5¢

. h 1-28
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Formally, the Taylor expansion of the integral kermed"Hi ¢'ldem expressed irHeck & Seitz

(2007)is given by

. b Hi ¢lee
Loy dfce o UK L-g » v v,y y B II-29

Al

where

[11-30

Inserting Eq. l{I-29) into Eq. (I1-24) yields ntegrals with respect to each coordinatdereduced

in theform
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whereqr =121 ry=hy T hy (and similarlyqai = G, - Gy, g= 2 1 &) denote the dimensions of the
tesseroid, ancconsequently, only terms farj, andk even will remain in the power series, while all

other terms cancel out due to choice of the Taylor gyft, Go, &) 1 n t he t glesker oi d
& Seitz, 2007).

The gravitational potential of the homogeneous spherical tesseroid has its terms of order four and
higher(represented in Landau symbol of order f&e)), in qr, o, geromitted.

oMwly qwuYr L — L » L ¢ L g EY 1-33

the seconérder coefficientKix in Eq. (11-33) are according to MacMil
Heck & Seitz (2007)
» "Hi ¥l .

L S 1-34
n

where m > » » "Hi Fl, denotesthe Euclidean distance between the computation

point P and the geometrical centiRg of the tesseroid
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With U & &1 aandy, is the angle between the position ve®a@andP,.

Considering the total mass of the tesseroid and the series exparijfy, &t, a), respectively
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Theclosed zererdertermin Eq. (11-33), is essentially identicaio the potential of a poiatnassm
at P, when the total mass of the tesseraid z 7l L is concentred in the geometrical
centrePy:

o 10

o ww Y e EY 7 e Yy Lk EY I11-40

The residual terms in EqlI(-33) take into account the deviations from a pondss.

The first order derivative of the potential generates the effect of the tesseroid mass on the gravity
vector atP(r, (, 8, andcan be foand by differentiatiorof the integral kernel/l, in Eq.(24) or (27)
with respect ta, (i ande-
. rov o » . .
. oww Iy pe > peEHI K1 "HI I ol v B g
. ——— 12 8
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Once gain no approximated form Isebeen found yet fosolving analytically the triple integral
given in Eq.(1l1-41) due to the occurrences of the elliptic intégirelowever, Heck & Seitz (2007)
used an approximated integral solution that reduceslEe4) to a surface integral by numerical
integration with respect to radial coordinatésing the formula given by Martinec (1998):
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Equations {1-41) and (lI-42) can be computed numerically. Alternatively, the gravitational effect
for tesseroids at distarefrom the computation poir® canbe computed by fixing the point of the

Taylor expansion at the geometrical centre of the integral kernel o E41) atPy(ro, Uo, o).

1 iy b2 > be#nwjr J

=g mov v, f B -43

where

l-44

Only terms witheven poweil, j, andk will remain in theresultingseries, while althe other terms
cancel out due tthe choice of the Taylor poin®.(r,, U,, &) from inserting Eq. I{I-43) into Eq.
(11-41) (Heck & Seitz, 2007).

g vty ey —d a» 4 oy 4 oy EY 8 Il -45

Thus, the coefficientsi in Eq. (11-45) for zercorder is

> » » Hi Kl Hivl =L
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The seconarder coefficientd ooo, Lozo and Looz Of Eq. (11-45) are computed witt

formulaesgiven by Heck & Seitz (2007)
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Again, the zereorder approximation in Eqll{-45) is formally identicalo the potential of a point
massm at P, on the gravitational field orP. In this casen represent the total mass of the tesseroid
locatedin geometrical centr®, and residual terms represent the deviationthefesseroid from a
pointmassgeometry

sy L5 s moHTEL AN A ANE FY 11-50

Similarly, the second gravitational potential derivatives/(m G, 8 with respect tai and a-will
provide the formulas for the (topographimostatic) reduction of the vertical deflectionsPatThis

section follows the methodology based thre calculation of thegravitational potential from
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tesseroid defined by Heck & Seitz (2007). Noe that allthe formulas obtained here are valid only

for computation points located outside the tesseroid.

Based on Newtondés formul a, t he effeliBcambe a t ¢

estimated as given in Grombein et al. (20d@pptimizingthe non-singular tesseroid formulas:

b Hi vi oy o lll-51

where
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Once again, the integrals for gravity gradients from tesseroids cannot be aoalgtically, i.e.,

they should be obtained numerically.
[11.4. Gravity field representation in spherical harmonics

The recovery of the gravity field from airborne and sateflataarebased orthe fundamental ideas

of the global gravity field determination bad on spherical harmonics expansion and differential
(satellite) orbit improvement. In the following sections we review the contributidheoglobal
geopotential models to improveeunderstandingaheEar t hés gravity field
of the gravity anomalies and gradient components in spherical harmonic representations from global

geopotential models.

The spherical harmonicallow to derive the elements of the gravity field frotine global
geopotential models as the geoid, gradient terBouguer and freair gravity anomalygravity
disturbance(the radial derivativeof the disturbing potential), the deflection of the vertical
components (the first meridian and vertical) from the most recent geopotential models available. In
this section we will give a brief description of this methodology and its use for the interprefation
possible geophysical patterns and strong correlations present on the various elements of the gravity
field, as the geoid model and the diagonal elements of the gradient tensor in the Amazon and

Solimdes Paleozoic basins of Brazil.
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Only with satellitestiis possible to cover the entiEarth's gravity fieldwith measurements of
uniform quality within a short period of timeesulting ina global geopotential model (GGM) in
terms ofthe representation in spherical harmonic coefficients. Howeawer detemination of the
gravity gradient components from global geopotential models is a new regupralactthat was
expected tobe fulfilled with the GOCE satellite mission, which uses measures of the gravity
gradiometry to obtain the geopotential models and & second derivati ve:c

gravitational potential.

[11.4.1. Applications of global geopotential models irlGeodesyand Geophysics

The global geopotential modeis used in differenbranchesof geodesy. The determination of
precise regional geoids are usually performed from a global geopotential model togttlreset

of points or mean terrestrial gravity anomalies and topographic information. In order to determine
the most appropriate geopatial model for this combinatioih is necessary to check the statistical

fit of several high degree models for the grafigyd. This includes setting the geopotential model

for obtain the geoid height geometrically in the study region (Kiamehr & EsR&§8). The best
geopotential model can be estimated by combining of the gravityudatg theStokes' formula
method The theoretical foundations for tihepresentation of the geoid were developed by Stokes
(1819 - 1903) in hs work "On the Variation ofGravity and the Surface of the Earth”, which
expressegieoid heights as a function of the gravity anomalies with the basic assumption of the

existence of topography only below the geoid.

Still in the area of the geodesy, the conventionalllengis beirg replaced by the determination of
altitudes by using the global positioning system (GPS). The GPS technique is usedlliogleve
projects, for example, to monitor the subsidence of the dam due to the removal of water or natural
gas, crustal movements afaat control heights in connection with the bridge construction and other
engineering projects. The altitude obtained directly from the GPS measurentesigeometric
altitude a quantity thatis referred to the reference ellipsoifligure 1l11-5 shows the basic
relationship between the geometric altitugiéhe orthometric altitudeH and the geoid heighN. In

a first approximation, thaltitudes are related by:
I ¢ Il -52

The main problem of transforming the geometric height obtained byt&Ger8ometric height is to

determine a reliable geoid heigtpantity This geoid height cabe obtained using a gravimetric

method or a geopotential global model. In countries where there are no precise gravimetric geoid

modek, the geoid height obtained from global geopotential models plays an important role in this
36



transformation. Furthermorethe geoid height andhe gravity anomalies have geophysical

applications to study the properties within the Earth.

The deflection of the vertical is the angle between the normal of the reference ellipsoid and the
plumb line (vertical) passing through teame point. This deflection is usually used to reduce the
observations, transforming the astronomical coordinates in geodesic coordinates and vice versa
Since the deflection of the vertical magpresent variations in density within the earth it can be
used in geophysical exploration. Studies of the horizontal and vertical components of the gravity
tensor and the deflection of the vertical components rhgdé@amehr et al. (2008) showed a good
correlation between these quantities of the gravity fieidnméhr (2006) found a good correlation
between tectonic structure and deflection of the vertical. Therefore, the general pattern of deflection
of the vertical computed by a global geopotential model can hajpttmg theinformation about

the lateral vaation in density of the Earth.

Earthods s
(Topography)

Figure lll -5: Terrestrial surface for description of the external gravity fiel® g@int involving
three surfaces in geodesy and gravity field: the physical surface of the Earth, the geoid surface and

the ellipsoidal surface, whereandv are the normal and vertical directiongla P point.
[11.4.1.1. Parameters of the gravity field from the gbbal geopotential models

According to Kiamehr & Eshagh (2008)jpm the 196G to 1980s geodetic satellites prowed the
components omedium and longvavelength of the gravity fielJdvhich are represented in spherical
harmonics.Additionally, in 2000's with satellite gravimetry issions CHAMP (Reigber et al.
2002), GRACE (Tapley et al. 2005) and more recently the satellite gradiometry mission GOCE
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(Pail et al. 2011)the quality of GGMs have significantly improvedspeciallyin the long
wavekngthsassociated with thEarth's gravity field. These missions have provided a homogeneous
coverageof thegravity field andat almost throughouall theglobe, insofar as their orbits are nearly

polar.

There are many areas in the Edlntht arestill with no significangravity data measurements. In the
oceanghe gravity anomaliesare mostly determined from satellite altimetry, but the effects of the
ocean circulation currents and bias deteriorate these@aaimportant aspect about thautions

of the gravity field derived from satelltenly datais that theyare not contaminated by systemetic
errors (see Appendix for detailg.

However, a variety of the Global Geopotential Models (GGMs) which represented the Earth's
gravity field in terms of thepherical harmonic functions have been computed for rgeowyps for
instance, GPM9&, B, C (Wenzel, 1998), EGM96 (Lemoine et al. 89@&nd more recent GGMs
obtainedfrom satellite gravimetry/gradiometry misse@s CHAMP (Reigbeet al.2002), GRACE
(Forste et al. 208) and GOCE (Pail et al. 2011)4blelll-1). ThisGGMscan be divided in three

different classes (Amos and Featherstone, 2008):

Satelliteonly GGMs: are computed solely from the analysis of the orbits of artificial Earth
satelltes (see examples in GGMs é&sdlin the Tablelll -1);

Combined GGMs: are obtained from the combination of satellite thated, and shiprack
gravity observations, and marine gravity anomalies derived from radar altimetry, and airborne
and/or gradiometer gravity data ; and

Tailored GGMS: are derived froonadjust ofa GGM (only-satellite or combined) using
gravity data that may not necas$y have been used before (in this case, the GGM can be often

extended to higher degrees).

Tablelll-1: Some examples of three different types GGMs.

Model Degree Class author
JGM-3 70 combined Tapley et al(1996)
EGM96S 70 satelliteonly Lemoine et al. (1998)
GEMb5 12 satelliteonly Lerch et al (1974)
GRIM5-S1 99 satelliteonly Biancale et al. (2000)
EIGEN-1S 119 satelliteonly Reigber et al. (2002)
GGMO03C 360 combined Tapley et al (2007)
GRIM5-S1 120 combined Gruber et al. (2000)
TEGA4 200 combined Tapley et al. (199
EGM96 360 combined Lemoine et al. (1998)
PGM2000A 360 combined Pavlis et al. (2000)
EGM2008 2156 combined Pavlis et al. 2012
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EIGEN-5S 360 satelliteonly Forste et al. (2008)
GO_CONS_GCF_2 TIM_R3 250 satelliteonly | Pail et al (2011)

GO CONS GCF 2 DIR _R3 240 satelliteonly Bruinsma et al (2010)
EIGEN-6C 1420 combined Forste et al (2011)
GPM98C 1800 Tailored Wenzel et al. (1998)

[11.4.1.2. Geoid height, gravity anomalies and deflectionof the vertical

components

The gravity fieldmay be subdivided intttwvo mainspatialcomponentsthe long wavelengths (~ 400

km) and short wavelengths (~-280 km). The information of the long wavelength can be obtained
by analysis of disturbing othe satellite orbits and from terrestrial gravimetric data or satellite
altimetry. The result of this computation can be simplified in terms of a global geopotential model.
In Geodesy, the gravity data is used to defindfitige of the Earth. IrGeophysis, the gravity data

is used toestimatethe density variations in subsurface atulhelp tosolve problems related to

tectonic and geophysical exploration.

In this context, the geodesists seek to use the differences between the difficulty ofingaasur
potential of the real Earth (or geopotential) and the potentialthef normal Earth (or
spheropotential). Such normal potential is obtained from a mathematical model and the residual
potential is calledthe disturbing potential. The disturbing potential can be usedbtain very
important quantities, whicehowhow much the geopotential differs of the spheropotergiab, it

can be considered as the potential produced by the terrestrial anomalous @uesstises of the
gravity field such as the geoid height, the gravity anomaly dhd deflection of the vertical
components are the magtements thatan express thdepartureof the real gravity field in relation

to the normal gravity field and can bedrreted geophysically.

Another useful quantity of the gravity field is the gravity tensor (second derivatives of the
gravitational potential) that is again referred to the disturbing potential. Generally the gravity
gradient components areferencedn areference system oriented to the north. The origin of this
system can be considered in the terrestrial surface or even in the satellite orbiaxXi$es pointed

in the geocentric radial direction and upward, thaxis points to north and, consequgnthe y

axis takes the west direction.

Fortheanalysis of the gravity field, the disturbing potentiBl &t any point can be representedaby
spherical harmonic series (Heiskanen & Moritz, 1967):
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wherer, (i, a-are the geocentric distance, geodesics latitude and longitude respeGiVely,the

product of the gravitational constant and of the mass of #inth & is the major semaxis of the
reference ellipsoid., is themaximum degree of the expansibnm are the degree and order of the
spherical harmonic expansiof, Dand-||. sare the fully normalized geopotential coefficients and
fac™Hi ¥l are the normalized associated Legendre
(Heiskanen & Moritz, 1967}t follows that
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where 7 is the normal gravity athe sea level athe latitude point estimated by Somigliana’s
formula. So according to Heiskanen & Moritz (1967), the gravity anomaly can be written as a

function of the geopotentiabefficients:

4
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The deflection of the vertical is the angle between the gravity vectbepiumbline (the vertical

line passing through a point) and the corresponding vectitlveaiormal gravity on the ellipsoid at

the same point. The deflection of the vertical is typically given as north/south and east/west
components in seconds of arc, denotihg slope of the geoid with respect to the ellipsoid
(Heiskanen & Moritz, 1967). The deflection of the vertical components are also called the prime
vertical or north/souths§ and the meridian or east/wed) €components. Thus, the deflection of the

vertical components can be represented as:
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and s is the normal gravity at equatgg, is the first eccentricity othereference ellipsoid and k is

aconstant based on the Somigliana's formula with k = 0.0019318585Be Kroneckerdelta.
[11.4.1.3. Gravimetric Reductions

The gravity anomaly is subject to different types of reductions depending on the purpose for which
it is being determined. The gravity anomaly is the difference between the gravity acceleration
measured at the physical (orrrestrial) surface(l ) (corrected the periodic variations and
topography) and the acceleration of gravity produced by a model of normal(Egartthe gravity

anomalies are thealues of thegreatest interest ithe applications of the gravimetry.

It is known that the Stokes' formudasumeshe knowledge of gravity over the whole surface of the
geoid, i.e. reduakthe gravity at sea level, anidalso assumes the absence of topographical masses
(mass outside the geoid). Howeyvdr is necessarythe application of methods of gravimetric
reductions to eliminate or transfer to other positions the masses above the geoid (Heiskanen &
Moritz, 1967).

The gravity anomalgo fardescribed as a function of geopotential coefficients can alsewbéten

as
H] A Il -59

when the gravity observed in the physical surface is reduced at sea level theiffigee-air

correction (Ga), it generateshe freeair anomaly
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Sincethe gravity is reducedo thesea level (geoid)or usingthe Stokes' integral is necessary to
remove the masses above the geoid (topographic masses), as well as the isostaticmbats@sce
(i.e., the topographieisostatic reduction of gravity) whichccounts for aradditional correction
called Bouguer correction (), beingthe corresponding gravity anomaly the Bouguer anomaly
(Heiskanen & Moritz, 1967)

'.k| I BF= F A I -61

The isostasy postulates the existence of an equilibrium state in the lithospinere the
topographic massemefloating in the mantle. There are two main types of isostatic compensation
models of topographic massdhle first assumes that the topography is locally compensated and
such compensatiofiocal compensatignoccurs directly below the topography tiyckening of the
crust with constant density (Airy model) by alateral change in the crustal density (Pratt model).
In the second typehe flexure model, loads are partially supported by elastic stressaghm
lithospheric plate lying on a fluidna the compensation occurs on a regional base (VeMemesz
model). In this model, the most important assumption is that the lithosphere behaagselifextly

elastic plate.

The flexural model is similar to the Airy model, where the compensatitimecfopographic loads
occuss due to the flexure down aradcorresponderdrustal thickening. The Airy model corresponds
to a flexural rigidity of zero. A common approach to understand the forrtheviisostatic
compensation is to study the relasbip betweenthe topography andhe gravity anomaly created

by the mass anomalies in subsurface that competiedatgpography.

In the areaswherethe crust is in isostatic equilibrium, it is appropriatecédculatethe isostatic
correction and therefore the isostatic anomaly corresponding can be given by:

':H I |:=| — I:” FL A " -62.

[11.4.1.4. Gradiometry: gravity gradient components

The expansions for gravity gradients in the local nortented reference frame have a complicated
form depending on the first and second derivatives of the associated Legendre functions with
respect to the latitude, which contain, generally, factorsingrio infinity when itapproacheshe

poles. Here were used ngimgular expressions for gravity gradients as presented by Petrovskaya &
Vershkov (2006). e first and second order derivatives of the disturbing potehtialthe local
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north-oriented refeence frame X, y, z} are considered by proceeding from a known relationship
(Reed, 1973), but presented in terms of latitude rather théatittade. Thus, the ratio between the
components in the Cartesian coordinate in the local frame and in the geocphterical

coordinates becomes:
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The parameters of the gravity gradient are presented in an alternative form of Petrovskaya &
Vershkov (2006) and their relations follow in Kiamehr et al. (2008):
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The coefficients of the Legendre functions are numerical constants given by Petrovskaya &
Vershkov (2006)Using these formulae, thgravity gradient components from GOCE mission data

can be used to construzlobal geopotential model (Petrovskaya Vershkay. cit). In addition,
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some componentsuch adl,, can have a geophysical meaning most easily relateéx smbsurface

geolayy.
[11.4.1.5. Methods for Error Estimation

[11.4.1.5.1. Errors GOCE: From Degree Amplitude to Gravity Anomaly errors

in Spherical Harmonic

Wabhret al (1998) supposed that the geoid is averaged over a time interval, and defined the error of

this averaged geoid in terms of the B@stimate as:
1 0o @ 0 AT-016 AT ®% 1°Y OEd %o 111-66

wherell ¢, andu §§ are the errors of the geopotential models coefficients. Then the spatial variance

of the geoid error, taken over the entire globe, is
1 - Q% OEIHY o 16 1°Y 1-67

The degree amplitude degree variancegsom the geopotential model error is defined as

10 & 16 1Y I1-68

The error estimate of thgravity anomaly is obtained similarlyTherefore the RMS (Root Mean

Square) anomaly errors per degree were computed by:
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10 and] "Qare the total contributions to the variance of geepotentiaimodel to the geoid and
gravity anomaly error from all terms up to degre€he degreéis a measure of the spatial scale of
a spherical harmonic. The haifavelength of al( m) spherical harmonic serves as an approximate

representation of the spatial scale and is roughgn by 20,000 kml. So] 0 and] "Q are a

measure of the carbution to the variances from aleterms up to a given spatial scale.
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Wabhr et al. (1998) assumed that uncertainties in the estimaieg&andl & depend on but not

onm (i.e., that the geoid error depends on wavelength but not on spatial orientation) and that the
errors in coefficients with different values lohndm are uncorrelated (equivalent to assuming that,

on average, this geopotential models will determine tleedgand gravity anomaly equally well

over all regions of the globe). The geoid and gravity anomaly uncertainties can then be summarized
by providing estimates of the expeci@édNandl gas a function of, and this is the form in which

the uncertainties @re provided byhe geopotential models. Since eaciNandu ginvolve the sum

over (2 + 1) coefficients (note thatyS= 0 for eacHh), then an individual uncertainty ¢, or U §is

equal toli Nor Ui gdivided bylca p.
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Figure 1ll-6: RMS errors in the gravity anomaly from the geopotential models and degree

amplitudes for GOCE and EGMO08 in the gravity anomaly {&eg signal, error and difference
between EGMO08 and GOCE.

The cumulative error in gravity anomaly for spherical harmonics coefficients of the GGMs up to

degree and order 250 is about 0.75 mGal for EGMZB@8lis et al., 2008and 1.39 mGal fothe
GOCEGGM (Pail et al., 2011
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[11.4.1.5.2. Systematic erors of low spherical harmonic degrees in the surface

gravity anomalies

The systematic errors dhe low spherical harmonic degrees in the terrestrial gravity anomalies
were studied by Huangt al (2008) supparg that theEarth gravity field determined by GGMs can

be modeled by spherical harmonics as follows

30 QT [-70

wherecp§©M is the gravity anomalyL is the maximum degree of the global getential model
(GGM) in spherical harmonsc g, is the spherical harmonic component of degreadf is the

commission error associated with the GGM.

Similarly, the terrestrial gravity anomaty §® described in spherical harmositan be expressed by

3'Q QT T T 8 -71

The second and third terms on the right hand side are the low anddggie systematic errors,
respectively. The last term is therandom error. By subtracting edll ¢70) from eq. (Il-71), we

obtain

3Q  3Q EORER B T -72

where
97 T T In-73

Huanget al (2008) assumed that if the error of the satellite models is much smaller than the
systematic error in the surface gravity datd, is approximately the lovdegree systematic error in

the terrestrial data below degieeThus, we can rewrite edll(-72) as

11X 3Q Qg i 3Q 8 -74

In order to estimatgX , Huanget al (2008) smoothedpd® in order to remove the high degree

components anthe high degree systematic and random errors.
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[11.4.1.5.3. Spatial Averaging

There are many mathematical tools developed for smoothing the gravity field (Jekeli, 1981). In our
case we have calculated a grid of gravity anomaly values obtained from the GGMs, GOCE and
EGM2008, with the standard spherical approximation that followssérnes representation of
Heiskanen and Moritz (1967) and terrestrial gravity anomaly values which we must nedace
mean gravityanomalythrough smoothing thatorrespond only téhe longwavelength part of the

terrestrial gravity anomaly.

In general, the global geopotential model approach uses the idea of constructing spatial averages to
compensate for poorly known, shavAvelength spherical harmonic coefficients to improve
estimat es of t he Eart hos g r anvalies encompass|gdavity T h e
components with higher spherical harmonic degrees than those from the satellite data. However
these higher degree components require that an effective filtering or smoothing poobess
performed to the terrestrial data to makem comparable with the satellite data. Hare,will use

the Gaussiaraveragingunction (Jekeli, 1981) to average the terrestrial data.

The terrestrial datdnave moredetailed and accurateformation with regardo shortwavelengths,

which will be used to obtaim mean gravityanomalycorresponding tdong-wavelengthsThe idea

is to get themean gravity anomalyrom the terrestrial datawith a Gaussiansmoothingin at
correspondinggrid pointof the gravity anomaliecalculated from thgeopotential global models

(for example:EGMO08 and GOCE up to degree and order 2580 thatwe canmake comparisons
between thegravity anomaliesat long wavelengthsobtained fromthe global geopotentiaimodels

and theterrestrial dataand so estimatthe errorsof the geopotentiahodels when compared to the
terrestrial dataor viceversa,to estimate the errors of the terrestrial d&& | ow, we f ol | 0\
Gaussian averaging function (Jekeli, 1981) normalized so that the global inteyvakdf as in

Wabhr et al. (1998):

®Q
0 - I -75
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ris the averaging radius (i . e. Whashheppeditoshalfatsr c e
value atorigin=0) ; di st ance o mYadais tHeanean dius orsnean Eatlc e =
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radius (~6371 km). In terms of the spherical harmal@velopment, Jekeli (1981) showed that the
Gaussian weighting function can be obtained following the recursion formula to regard to

coefficientsW:

o
q
o LP 2 P N -77
¢ p Q w
: o p.
(0V] 5 W
W

Figurelll-7 shows theGaussian weighting functiow(U) and the spherical harmonic coefficients
W up to degree and order 250 correspondinthéoaveraging radius= 80 km that was used for

smoothing the terrestrial data.
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Figure lll-7: (a) Spatial averaging: Gaussian averaging functi) (continuous line) for the
averaging radius = 80 km, (vertical stippled line); (b) Spherical harmonic coefficients of Gaussian

averaging function for the same averaging radims80 km. Modified fromWahr et al. (1998)
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CHAPTER IV

V. UNDERSTANDING AND INTERPR ETING THE
GRADIENTS OF GRAVITY WITHA PRISM APPROACH FOR
GRAVITY FIELD MODELL ING

fiRed October's captain is a man named Marko Ramius. That is a Lithuanian name, although we
believe his internal passpaiesignates his nationality as Great Russian. He is the son of a high
party official and as good a submarine commander as they have. He's taken out the lead ship of
every Soviet submarine class for ghast ten years... Ramius insgget his status board. €Red
October was heading southwest on track eight, the westernmost surveyed route on what Northern
Fleet submariners called Gorshkov's Railroad. His speed was thirteen knots. It never occurred to
him that this was an unlucky number, an An§laxon superdion. They would hold this course

and speed for another twenty hours. Immediately behind him, Kamarov was seated at the
submarine's gravitometer board, a large rolled chart behind him. The young lieutenant was chain
smoking, and looked tense as he tickédtheir position on the chart. Ramius did not disturb him.

Kamarov knew this job, and Borodin would relieve him in another two hours.

Installed in the Red October's keel was a highly sensitive device called a gradiometer, essentially
two large lead weigts separated by a space of one hundred yards. A-dasgiuter system
measured the space between the weights down to a fraction of an angstrom. Distortions of that
distance or lateral movement of the weights indicated variations in the local gravithéwhalhe
navigator compared these highly precise local values to the values on his chart. With careful use of
gravimeters in the ship's inertial navigation system, he could plot the vessel's location to within a

hundred meters, half the length of th@sh

The masssensing system was being added to all the submarines that could accommodate it.
Younger attack boat commanders, Ramius knew, had used it to run the Railroad at high speed.
Good for the commander's ego, Ramius judged, but a little hard ovavigator. He felt no need

for recklessness. Perhaps the letter had been a mibtaké. prevented second thoughts. And the
sensor suites on attack submarines simply were not good enough to detect the Red October so long
as he maintained his silent row#i Ramius was certain of this; he had used them all. He would get
where he wanted to go, do what he wanted to do, and nobody, not his own countrymen, not even the
Americans, would be able to do a thing about it. That's why earlier he had listened deshgepof

an Alfa thirty miles to his east and smiled. o

49



Tom CIl aTheHuntfonRediOctobar
IV.1. Introduction

This sectiondescribesa brief history ofthe gravity gradiometryhistory and its uses in the
interpretationfrom gravity gradients (GGd)ase in the formulas oNagy et al. (2000) and Heck
and Seitz (2007)

In order to analyze the feasibility of using rectangular prisms or tesseroids to calculate and to model
the geological structureswo simple modelsvere constructedusing the tesseroidand the prism
approaches for calculationf the gravitational quantities: the first derivative of gravitational
potential (vertical component of gravity) and the GG compondihis.quantities in gravity fields

were simulatedat ground and at a height up to 250 km for analyze the gravity fields in the same
height of the GOCEatellite.

IV.2. Literature Review: History of Gravity Gradiometry

The cited passaget the beginning of this chaptexr a fragments fromthe submarine novelhe
Hunt for submarine Red OctohdClancy, 1984)written twenty eight years ago, which was also
readapted to thiheaterin 1990 bya movie ofthe same name receiving highly positive reviews and
making it one of th top grossing films of the yeaAs pointed by Bell et al. (1997), inthe
geophysical viewpointthe tripulation of the Red October has g@secloseto their goalas any
explorationgeophysicist would like to go usirggavity gradiometry.

During the cold waras an effort to devise more stealthy aidsth@ underwater navigatiorthe

United State (U.S.) andthe SovietUnion defense departmenesigned sensitive instruments that
could measure tiny variations in the pull tfe gravity field caused by underwater ridges or
mountains. This system is somewhat more complex than the one installed feticthal
submarineRed Octoberbut the main ideia is quite the sanwith the end of the Cold War, the
introduction of military technology foexploration geophysics and other fiekigs startedThree

years earlier, the U.S. Navy had already started the technological application of the gravity gradient
in theunderwater exploration industrig€éll et al. 1997; Bell, 1998)

However, the historyof gravity gradiometry begaearly in 1896 with the developmerdf an
instrument known as the EOtvds Torsion Balance, essentially a ggrétjometer,by Baron

Lorand von E&tves, a Hungarian physictst measure the minute variations in gravity oveherts
distance. Thus, his instrument was the first geophysical device capable of delineating underground
geological structuresBell et al. 1997; Szabo, 1998abighianet al. 2005; Rogers, 2009
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Initially, the torsion balance was developed to measuréddise physical constants. Indeed, this
Afgradi ometer o, or i nstrument for the mtasur e
Earthdéds gravity field measured the | ocal di st
a large instument mounted on a tripod assembhigurelV-1), made of a metal beam that recorded

the gradient othe gravity suspended by a wire, with weights present at eachlfetite gravity

varied withthe position along the axjgthe weights were placed oandthe force exerted on each

weight would be different, thus causing a rotational force on the beam and in turn causing the wire
to twist. SoEdtvésmeasured the amouat twist to determine the gravity gradiektdpking 1975;

Jekeli & Zhu, 2006; Rogers, 2009).
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Figure IV-1: Si ngl e E°tv©®sd Torsion Bal ance design

Gradiometer. Courtesyf the Lorand Eo6tvos Geophysical Institute (Szabo, 1998).

As described in Rogers (2009), in 1901 the head of the Hungarian geologic survey convinced
EOtvos to test the realorld usefulness of the torsion balance (itee first investigations othe

Earth's gravity field) to map the shape of a frozen lake basin, which had been already well mapped
from previous summertime measurements made from a line aimker. The test was a success
becausethe contour mapso obtained matched the previously made mdgistvos and Hugo de

Boeckh then performed more difficult geological surveys in the region.
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Thereafter, E6tvOs presented his results and demonstrated the operation of his torsion balance at the
1906 World Congress of Geodesy (then the International Erdmgssiis a result, the Congress
petitioned the Hungarian government requestingdhatcreased financial hekhouldbe given for
E°tv°®sd gravitational r e s e a rwithn the stiggestionthachfigra r i a
1907 onwards a separate fund vadlecated for EGtvos' gravitational studi€&zébo, 1998)Based

on the governmental support E6tvos established the first applied geophysiitate of the world

in Budapest, which is now named the E6tvos Lorand Geophysical Institute (ELGI).

On a globascale, understanding the details of the gravity field asagelevelopingthetechnology

in general are critical in military applications. Despite the World War | has not introduced the use of
the gravity gradiometer technique, since World Wath# research andhe development in the
areas of gravity instrumentation and building of global data bases greatly encourage®n an
exploration scale, gravity has been widely used for both mining and oil explonaaidiclarly in

the U.S. Gulf Coa¥tand even at the reservoir scale tloe hydrocarborexplorationdevelopment.
However, the usef this technique began in U.S. ordfter the World War 1,in 1922 and 1924,
when American geologists of thanerada Hess Corporati@md Gulf identified the fst salt domes

(i.e., mushroom shaped underground diapiric salt geologic structures that often have oil and gas
deposits along their sidesince the salt is less dense than most rgck exerts a weaker
gravitational force relative to the sediments sunding it due tathe large density contrast). As
such,thegravity gradients can highlight a buried salt dome (Bell et al., 1997; Nabighian et al. 2005;
Rogers, 2009).

Suddenly the E°tv°®°sd t or sitbeoilpospécton aradthe warld e s s
and the gravity methoblecamehe first geophysical technigue to be used in oil and gas exploration.

Thus, officiallythegravity gradiometry was botriBell, 1998;Nabighianet al. 2005Rogers, 2009).

Historically, hundreds of oil fields were discovered throughout the world with the hdfp®of v © s 6

i ngenious instrument from the end of the 19:
gradiometer efforts occurred in Europe in 1915, in the upper Rhine Valey) aaghern Germany

over a salt dome in 181which led to the mapping of the Czechoslovakian Egbell Oil Field
(Schweydar, 1918 apudabighian et al. 2005; Bell et al. 1997n U.S. other salt domes and oil

fields were initially identified with gravity gdiometer, including the Lovell Lake field in Jefferson
Country, Texas and the South Houston QOil Field. When these salt domes were confirmed by others
techniques, drilling and seismic, the uskthe gravity gradiometer had a bogmmaking this
techniquethe most useful and routinelysed technique iexploration technology for subsurface

surveys, particularly to oil exploratiohNébighian et al. 200%ekeli & Zhu, 2006; Rogers, 2009).
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On the other hand, despitiee great success of the torsion balancemaprily in oil explorationto
locatesalt domes, the difficulty to use it in the fieddused it to be abandoned so®he history
reported that geoscientists could no longer afford the expense and the time required to obtain a

reliable measuremeniébighian et al. 2005)

Rogers (2009) told that explorationists had to first clear a 100 meter long swath in eight directions,
in astar pattern, from the location of the torsion balance to prevent the mihetreles and rocks

from corruptingthe measurementsadditionally, a small building had to be erected in order to
protect the instrument frorthe wind andfrom temperature changes. This in turn generated data
often misinterpreted which led to erroneous survey because of the sensitivity of the device that
could corrupt its measurements even by the large belt buckles often worn by geoscientists. So, these

issues led to the explosion of the us¢hef simplergravimeters.

The gradiometers were quickly replacedoderm t he
portable relative gravimeterthat achieved sufficient accuracy for geophysical exploration as a
consequence of beingpherently less sensitive than gradiometemhat required noextensive
measurement site preparatiand permitted the surveys to be carried owniy a fraction of the

time, about 10 times fastérekeli & Zhu, 2006; Rogers, 2009).

Another important point is thahe data from gravimeters was easiest interpreted. Firstly in the
19306s, s p rrs cage irga their iomre and quickly displaced the torsion balance
gradiometer.After that the first compact gravimeterproved to beportable, ruggednd robust
instrumens, capable of taking dozens of measurements on a daily basis. This led to increased
investments in gravimeters and by the 1895@ravimeters had replaced gradiometers in wiote

gravity field measurement applications. So, the E6tvds gravity gradiomasaetismissedleaving

abrief passagen thehistorical sections of the gravityagiometry(Nabighian et al. 200%ekeli &

Zhu 2006; Rogers, 2009)

With the advent ofobust andpractical field instruments, the use of gravity rapidly expanded in
both mining and hydrocarbon exploration for any targets for which thereandensity contrast at
depth, such as salt domes, ore bodiessied structure, and regional geology. Howevevyen with

the success of the gravimeteed, thatmoment, the gravity gradiometer wignporarilygone but

certainlyit wasnot forgotten(Nabighian et al. 2009Rogers, 2009).

I n the 197006s, t her e aboatshe importarceyof gravityegradiometerse s e ¢

developed into moving badesystens, which basic physical principles are identical to the case of
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the satellite, capable abndicting agravity survey over large areas with minimum expenditure of
time (Hopkins, 1975).

At the same time, the U.S. Air Force had abandoned gheiity systems for Airborne surveys due

to the problem of sensitivity tthe aircraft accelerations, whiclwvasthe main causef the inertial

and kinematic acceleration afflicting any gravimeter (or accelerometer) on a moving base
according to Einsteinds wel!/l known equival en
gravimetric signal on the aircraft ftight. However, gravity gradiometers are not affected by this
inability of separating inertial from attract
aforementioned principle) and gradiometers approximate the (infinitesimal) gradieriisitby
difference observationdModern threadimensional gravity gradiometers have meanwhile been

developedwhich can successfuliyjeasure theecond derivatives of the potential in satellites.

So, airborne gradiometry tecnology was considénedonly wg to solve the problerof moving
base gravimetryWith the advent ofthe modern Global Positioning System (GP®psitioning
quickly upgradedto a high level of precision,and kinematic accelerations could be determined
independently withsufficient accuracyto be used in aerogravimetry in generBlUrthermore,
gradiometerslevicesequipped with this GPS technologguldflown on surveg with very closely
spaced lines (Groten, 1989abighian et al. 200%ekeli & Zhu 2006; Rogers, 2009).

In 1973, Bell Aerospace Textron, nowadays owned by Lockheed Martin, developed the first
modern gravity gradiometer FTG (Full Tensor Gradient) system for theddf@nse department,
commissioned by the U.S. Navyhe devicewas deployed on board ships ahdused in a
recreational vehicle. Its applications were to assist navigation in stealth mode for U.S. submarines
using inertial navigation systems, as the data provided the most accurate mapping of the
bathymetry and also to the Air Force Geophysics Lalaory (AFGL) for its regioal airborne

gravity survey system. The FTG configuration consisted of 12 individual accelerometers mounted
on 3 rotating disks (gravity gradiometers). Alie five independent tensor components of the
gravity field weresuccessfily measured by this configuratioNgbighian et al. 200%uidweg and
Mumaw, 2007; Rogers, 2009).

Although the submarine fictiomentioned in the beginning of this chaptexd described that both
U.S. and Russian navidsad the technologyf submarine lanched ballistic missileswhich
depended greatly upaprecise knowledge of gravity at the time of missile lauiitdls, knownthat
at that timeno Soviet vessel actually carrieslich elaborate gear of ballistimissiles. In that
occasion, onlythe U.S. Navy ha investedhundreds of millions of dollars in developing a FTG
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system driven by the requirements for navigation and launching of missilese{Ball 1998,
Nabighian et al. 200%)ekeli & Zhu 2006; Rogers, 2009).

In the mid 1988, partof this technology was declassified and eventually used in b9&he

Defense Mapping Agency (DMA) flight tessbof the Gravity Gradiometer Survey System (GGSS).

In the 1994, the Bell Geospace commercialized it in offshore surveys on smallergoaosan
vessels, in theegion of theGulf of Mexico, for the marin®il exploration as the Marind= T G E
system. Later, this test was accomplished by AFGL and the system was successfully tested on a
single engine aircraft in 200&onstituting the first airborne grity gradiometer survey published in

the open literaturéNabighian et al. 2009Rogers, 200P Thus, in 2002the Airborne FTG system

has been migrated operationally from marine to airborne arsgéthe Air-FTG® was quickly
adopted by the mineral industry as a praing exploration tool(Hammond and Murphy, 2003;
Murphy, 2004;Nabighian et al. 2002uidweg and Mumaw, 2007; Rogers, 2009).

Since those initial marine trials from 1994, several systems have bdeyedepp to datethereare
basically two types of gravity gradiometers designed by Lockheed Martin that are operational: the
FTG and the BHP Falcon. This tet was the first airborne gravity gradiometer, FALCON
designed 1999 by BHP Billitgrprimarily for shallow targets of interest to mineral exploratitin
consists of four accelerometers configured to measure the horizontal curvature, from which the
vertical gradient and vertical component of the gravity field are computed (Lee, 2001).
NeverthelessNabighian et al. (2005) comment#dtht therewerethree teams thavere designing

new systems to add to the suite of airborne gravity gradiometers: Stanford University, aldkEx
University of Western Australia.

By the early 2008, gradiometerexperienced also a resurgence, at least on paper initially, with the
advent of satellites since only the curvature of the gravitational potential field can be sensed on a
freely falling body (such as a satelliteand so thegravity field missions haveagiven they
contributionto determine the Earth's gravity field in the past decade. However rdd®ometer
technology continued with the promisetb& eventual deploymerdf such a systerim spaceand,

after two potential missions were abandonibe, CHAMP (CHAIllenging Minisatellite Payload)

Mission (Reigberet al. 2002) was launched in July 20Q0as the first mission that combined
satelliteto-satellite tracking in modévigh-low (SST-hl) with 3-D accelerometry (ESA, 1999;
Rummel et al. 2002y¥abighian et & 2005.

In March of 2002 Gravity Recovery And Climate Experiment (GRACE) Missias launched,
based orthe pioneer lowlow satelliteto-satellite tracking (LESST) conceptThe missiorconsists

of two identical satellites following each other in the same oabitheheightof 500 km,anda
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distance betweethe satellites of about 220 + 50kmroviding global and higinesolution estimates

of the Earthoés gr avriatiops(Tapleg étal., 2@04) dHenceppath GRACEp o r a |
satellitescarried on board a-B accelerometeland although impracticetheyare notsatellitesusing

gravity gradiometry (SGG)the configuration itself can be viewed as a huge-cameponent
gradiometer with an arm lerigbf 250 km. Consequentlyhe GRACE mission can be considered
potentially a precise one dimensionat§} virtual gradiomete{Rummel et al. 2002Keller and

Sharifi, 2005Yi et al. 2010.

Finally, in Marchof 2009, theGOCE Gravity field and steadgtateOceanCirculation Explorer)

Mission was launched by he Eur opean Sp g beng thaimstncorgy éxplore( ES A)
mission in the Living Planet prograrputting inpractice bythefirst time in historythe principle of
SGGused in space with tri-dimensional gradiometam board to measure the GGs of the Earth
(ESA, 1999Rummel et al. 200X eller and Sharifi, 2005Yi et al. 2010.

Today, airborne gravity gradiometry systems are used mainly for geological surveyséeattie
for valuable natural resources as oil, gas, copper, iron, ore, diamond mineral deposits to mining
exploration and also to better understand the Earth's gravity fieldtla@dverall structure im

regional and global geologic scakabighian et al2005;Rogers, 2009).

The use of gravity gradiometry for exploration purposes continues to gitoevmost promising
results so obtainedre the instrument drift reductiothe common cancellation athe platform
accelerations, and the fact that severaependent channels (tensor components and standard
gravity) are recorded simultaneously. All tHects probably play a major role in assessing the
added value of tensor gravity data over usimegravity data alone. According with Jorgensen et al.
(2001) a key value ofhetensor data lies in the ability to achieve a high level of enhancement of
the signatto-noise ratio for each of the tensor channels taedjravity channel. This enhancement

is achieved by operating on d@le channels simultaneouslusing techniques that remove noise

sources from allheinput channels.

Many worldrenownedexplorationcompaniessuch as Bell Geospace, ARKex, Gedex and Fugro
provide airborne gravity gradiometry surveys to customers who desire such data. This data have
enormous advantage ovire conventional gravity (land, marirend airborne) due to their noise
reduction capabilitiesthe speed of acquisition, anthe improvedaccuracy. With appropriate
processingthe gradiometer sensitivity can be lsv as 3 to 8 Eotvosl(Eotvos =0.1 mGal/km),

andit can resolve wavelengths about300 to 1000 meterdN@bighian et al. 20093ogers, 2009).
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Of all the applications and purposes described above, gradiometers have been installed and used
with success on §bs, aircraft and now in satellites. This latter are being used primarily to
understand the Earth's gravity figdtbbally from gravity gradients measurements by GOCE SSG.

In this contexthis thesis uses the GOCE gradiometric data for the geophysicalsptqpesented

in the previoushapters.

IV.3. Satellite Gradiometry Technology with GOCE

Thedrag free satellite of SST can be viewed astaofproof masses in free fall, subject only to the
influence of the gravitational fieldyith their relative lineof-sight movement being measuréche
satellite gradiometer senses the gravitational field simedtasly in several directionsn lother

words, the complete curvature structure of the local gravitatfabdlis measured.

GOCEs systemconsistingof the sensor andhec ont r o | el ement-measurmg m or
d evi c e Oattbehbkight ohbowg 250 km. fie satellite itglf also acts as a prime sensor,igo,
contrast to most remotensing missions, there is virtually no division between the isatetid the

instruments.

GOCE carry an electrostatic gravity gradiometer (EGG), a GPS receiver to allow use-fawhigh
Satelliteto-Satellite Tracking Instrument (SSTI),campensation system for all ngmnavitational

forces acting on the spacecrgftuh as airdrag and radiation pressirea very sophisticated
propulsion system, a laser reteflector to enable tracking by groubdsed laseras well as star
camerasto control the satellite attitude providing the absolute orientation (i.e., angular
measurements into rates and angles)d a set ofvery-low frequency componentshe twice
integrated angular acceleratioase deduced from the accelerometer readings of the gradiometer
(Figure IV-2). Thus, the gradiometer is used as a gyroscope, and its observations are used to
stabilize the attitude informatio(ESA, 1999;Pail, 2005; Bouman et al. 2009
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Figure IV-2: Concept of GOCE Gravity Gradiometer Satellite with satellite to satellite tracking
(SST) (modified afteESA, 1999).

The GOCE satellite gradiometer consists of three pairs of-gémaitive accelerometers which
measure acceleration differences, ideally in all three spatial dimensions, betweenniassest of

an ensemble of accelerometpresentinside the satellite (Figure IV -3). Every accelerometer has
two high sensitive axes, and one less sensitive @igire IV-4). The measured signal is the

difference inthe gravitational acceleration at the t@sass locations inside the spacecraft
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FigurelV -3: Payload Electrostatic Gravity Gradiometer. Courtesy: European Space Agency

The spacecrait kept Earthoriented with its xaxis pointing alongrack, the yaxis crosdrack and
the zaxis radially outvards. The orientation of the satellite is maintainedahyactive attitude

control using proportional thrusters and, as control elements, a star tracker and the gradiometer.

The Satelliteto-Satellite Tracking Instrument (SSTI) consists of an advancedfagplency, 12
channel GPS receiver and arband antenna. The SSTI receiver is capable of acquiring signals
simultaneously broadcastfrom up to 12 spacecraft in the GPS constellation. The SSTI delivers, at
1Hz, pseudoange and carrigphase measurements on both GPS frequencies, as well as a realtime

orbit navigation solution.
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Yore

Figure IV-4: Position of the 6 accelerometers in the GOCE gradiometer in GRF (Gradiometer
reference Frame) and all ARF (Accelerometer Reference Frame). The axes of the ARF are shown
by solid arrows ultresensitivite aligned with the axes of the accelerometer. The axes of ARF shown
by the dotted arrows are aligned to the axes of the accelerometer less sensitive. Each colour
represents a oraxis gradiometer. The shadowed surfaces reptede locations of the lower

plates (and the $mplates)Gruber et al., 200B5eeANNEX A).

The advanced drag compensation #melattitudecontrol system is a key feature required to keep

the accelerometer sensor heads in near 'free fall motion' andintain the orbit altitude at about

250 km. The system is based on-mmopulsion technology. The electric ion propulsion system
comprises two thruster units (one as backup) mounted at the back of the satellite. The thrusters can
be throttled between 1nd 20 millinewtons (mN)which is set automatically, depending on the
actual reatime dragthatthe satellite experiences in orbit.

A particular feature of the GOCE system design is that thefdzagand attitudeontrol system use
the scientific paylod as a sensomhe laser retroreflector allows GOCE's precise orbit to be tracked
by a global network of groundased stations through the Satellite Laser Ranging Service. This

provides accurate positioning for orbit determination and data products.
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Science data are continuously delivered to ground (1 Hz data ta¢eg areno g@ps in the

gradiometer data stream.
IV.4. Gradiometry Principle

The theoretical foundations dhe gravity gradiometryis presentedy Rummel (1988)the basic
observable elementsf the mission are GGshe second order derivativgdV/pxux = Vj of the
gravitational potential/ with nine compnents, as showed @hapter Il These GGs can be defined
in a local north oriented frame (LNOF), i.&axis is pointing Northy-axis towards West and

axispointing radially outwardn geocentric radial direction.

The principle of operation of the gradiometer relies on measuring the forces that maintain a proof
mass at the centre of a specially engineered cage.-8emmlled electrostatic suspension provides
control of the proof masses in terms of linear and rotatiorotion. Two of the floors support the
gradiometer, which is mounted at the heart of the satellite close to its centre of hmassairs of
identical accelerometers, which form three gradiometer arms, are mounted on tlsahleaa
structure. The dierence between acceleratiaaremeasured by each of two accelerometers (which

are about 50 cm apart), in the direction joining them contains the basic gradiometric information.

The average of the two accelerations is proportional to the extemnailged drag acceleration
(common mode measurement). The three arms are mounted ortliypgonehchanother: one
aligned with the satellite's trajectory, one perpendicular to the trajectory, and one pointing
approximately towards the centre of Earth. By commgnithese different acceleration

measurements, it is possible to derive the gragigdient components.

The gradiometer in GOCE Satellite consists of siax® accelerometers mounted in pairs along
three orthogonal armg-igure IV-4). Eachaccelerometer with three axes 1, 2, 3(or X, y, 2)

senses e.g. the acceleration
f, =- W)/ - V, (0)dx, +W, W, dx. +W dx - b(0) V-1
with b; (0) the sum of all nomgravitational accelerations (atmospheric drag for instance) aoting

the satellite along thieaxis at the centre of ma8®r secalled common modgCM).

In the case oGOCE the gravity gradients are derived frdifferenial mode (DM) observations,
consisting ofthe difference of the measured acceleratipi$ two accelerometers A and &ong
one arm, e.g. theaxis separated by a distané® along the jaxis of the diamond configuration.

Comparingwith Rummel,(1986, one can write
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fi (B)- fi (A _~ _
T_@ﬁ_.\/”+v\/ikwkj+\11f/ij. V-2

J

One observes that the componewijsare not observable directly but only their combination with

two other terms. These two express the effect of centrifugal accele(#idhand the angular
acceleration( #). They are caused by the measurement in a moving frame fixiae tatellite.

Closer inspection shows thHf 1 like Vj is symmetric, Whereaﬁ% is antisymmetric.n detail:

Vo (W +0) Vg rwuw+ iV, +w - # 0

G =, +ww, - V- (W) Vw6 V-3
5
?/ZX-I-VVZVVX-F% sz+VVyVVz_W§< sz' (VV><2+VV§)—

Thus, a separation into symmetric amdisymmetric part yields:

1

S(G+G) =V, + W V-4
and
1
E(GJ'GH):'#(; V-5
In addition, one finds:
traceG=G, + G, + G,=- 2w, +w,* +w,”) =- 2w IV-6

One should keep in mind thag, the angular velocity about a vector perpendicular to the orbital
plane, is much greater thas and 1. It represents the ongerrevolution rotation of the Earth

pointing satellitewy, » n, 1.
So,0ne can draw the following conclusions:

- Ideally, when differencing the acceleratidpnsll nongravitational acceleratiors (0) drop out,

as well as the gravitational acceleratipi$0)/x;, see eq.l{/-1 andlV-2).

- The gravitational gradients cannot be sensed in isolation. They are mixecewittiugal and

angular acceleration terms, see &¢-38).
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- The angular accelerations can be isolated and, after integrétencanbe employed for the

angularcontrol of the spaaeraft.

- One timeintegration of the angular accelerations yidtmsheangular velocitieswhich are used

to isolateV; from U U

- For GOCE, with one axis of each accelerometer weaker than the two others, the arrangement of
the six 3D accelerometers is chosen such as to permit precise determinatignidfereasi
and wg are not determined as well. Consequently, ofdy Vyy, Vzz and Vy, can be reproduced

with highest precision.

- Below 3¢10? Hz the component,, is less accurate than the three diagonal components. This is
caused by the uncertainty in the orientation angles, which results in a projection of the large
diagonal compnents onto the offliagonals. Neverthele$4; has a positive effect on the overall

results.

- The sum, i.e. the common mode acceleratibn@®) + f (B), are a measure of the nron

gravitational accelerations
fi (A +f;(B) =- 2b (0), V-7

if the accelerometers are arranged symmetrically with o¢spe the centre of mass of the
spacecraft, for thepV(0)/ux © 0, seeeq. (V-1). They are then employed for dr&ige control
(together with the GPS orbits).

Threecritical areas emerge that deserve careful attention:

- The accelerometers are "norfeet twins". This iscaused byimperfect scale factor matching,
alignment and positioning along one axis. As a result one needs a comprehensive calibration
scheme that includes laboratory-lomard and postission tests. Another remedy is to keep linear
and angular disturbaes (norgravitational and apparent forces) low by active drag and angular

control.

- Centrifugal and angular accelerations mix inevitably into the gravitational gradients. Separation of
the antisymmetric from the symmetric tensor part will help to deteemy, andto a lesser extent

. and nz. The trace condition will yield the sum af? + mf + w? as control information. Finally

star trackers pnade absolute orientation at 10 secondtervals. An additional option is the
parameterization of misorientation angles in the context of the data processing. Thus an isolation of

the gravitational tensor alone is feasible.
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- The third error source is the effect of time variasd#-gravitation of the spacecraft. On the one
hand it can be kept below the required threshold by choosing a very stiff instrument and satellite
construction (no moving parts). On the other hand thruster fuel consumption is of concern. The
choice of ion lirusters for the attitude control and cold gas thrusters for the drag control eliminates
this problem.

IV.5. Understanding the gravity gradients

Nowadays, the use of gravity gradients (GGs) data in exploratiorelaively common.
Nevertheless, interpretatiom GG data is noaseasy awvith the familiar vertical gravity dat&saad

(2006) showed that for a given source, regardless of its simplicity, GGs often produce a complex
pattern of anomalies (single, doublet, triplet, or quadruplet) as compared to thle single
(monopolar) gravity anomalies. The smdependentGGs recovered from gravity gradiometry
provide a powerful tool for delineating the shape of the body. The @@Gsdetecthe edges,

corners and center tfe massdistribution

Si nce 19iyplatferm graviby gradiometers had becoavailabe and played an important
role inexploration. Data reduction, filtering, and visualization, together with -dost,
powerfulpersonal computers and color graphics, have transformed the interpretagianity data
(Nabighian et al. 2005)

Many authorqe.g.: Montana et al. 1992; Nagy et al. 2000;dS2@06; Heck and Seitz 2007) have
demonstrated the complex pattern of anomalies associated to gravity gradient components
calculated from gravitationalopential generated from a basic building bleck rectangular prism.

In this work a forwardmodellingusingthe rectangular prism approach developed by Nagy et al.
(2000)is used

Due to its simplicity and itslosedexpressions relating tibe gravitational potential, the us# the
rectangular prismis of great interest in gravitymodelling Any threedimensional density

distribution can be approximated witine desired accuracy using the prisms

Although the geometry of the rectangufarsm limit its applicability over large areas because it
implies an approximation of the flatalgh it is still a good alternative for describing the density
distribution andit is especially useful in studies for gravitational potentieidelling (Nagy et al.
2000)

As discussed by Bell et al. (1997), thigurelV -5 illustrates an schematic example atbws the
comparison of theoower spectrum of standard gravity ddita dashed linespagainst thegravity

gradientsdata(solid line) One can bservethat thepower spectrum athe standard gravity begins
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to flatten in a hypothetical value givenancertainrwavelength indicatinghe resolutionof the data.

The integration othe gravity gradiometry measurements into grawgta (actually, thevertical
component) significantly changes the power spectrum slopkcating an improvement of the
resolutionfor small features. The steemseof the power spectrum beldhe resolution suggests
that gravity gradients significantly improve the capability of gravity to constrain the location of
structures.

Power Spectrum of E_e%iog_d"fl_ter]hanc_ed Power Spectrum of Region of enhanced
Observed Gravity 'gh Fidelity Imaging Observed Gravity (T;) High Fidelity
(vertical component) Possible With Imaging  Possible

Observed Gravity With Observed

Gradients (T, Gravity Gradients

(Tz2)

Power Spectrum
Power Spectrum

Power Spectrum of
Gravity ~ Enhanced
by Gradiometer
Measurements

Power Spectrum of
Gravity Enhanced by
Gradiometer

Measurements

Long % Short Long
Wavelength Wavelength

Figure IV-5: Power spectrum schematic of the first (vertical componept,aid second (}
component) derivatives of gravitational potential. The graphic on left illustrates the theoretical
curves flattening gravity power spectrum indicatihg resolution limit of the dat®n the right the
power spectrunshows a more realistatternof thegravity andthe gradient gravitydata(modified

after Bell et al. 1997).

IV.5.1. Rotational Invariants

Pedersen and Rasmussen (1990) described the use of the invariance to obtain a new representatiol
of the gravity and magnetic tensor components. They descrilzesietts of combinations that make
use simultaneously of all components. The impact of the resultant computation is that the

anomalous signature pattern is independent of the choice of the axes of the observer.

O YUY Y'Y O YTY YO 'Y | Y V-8
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The |, facilitates the general mapping of the regional stratigraphy on areas of surveys, which
identify the dominant density contrast. It is used in practice of mapping on a regional scale and
extract trends in dominant regional denglistribution I, focuseshighlighting the 3D shape dlfie
anomalous targets. This makes it useful for mapping the geomeayanft block, an igneous

intrusion and salt bodies directly fraime gravity gradient data.
IV.5.1.1. Horizontal invariant Lineaments

Murphy (2007) described anviariance aproach for horizontal componenonly. These invariants
can be used to map linear features making it an effective edge mappeaepresentations of the

horizontal components are:

0¢ Wi YooY V-10

vy
0¢ wwi Y — V-11
Dickinson et al. (2009) showed that the advar

given in the vertical axis only increasingthe confidence of mappinghe geological contact
information with depth. The result is better obtained by combining the results of both from direct
comparison with the original;; anomaly field (i.e., a positive trend InVar_T,.Ty, is correlaéd

with a negative linear trend InVar_T,,T«Tyy mapsin an anomalous edge T3,).

IV.5.1.2. Strike Lineaments

The impact of these two techniques is an improved method for mapping subsurface geology in a
gualitative manner. These equatiaas be solved in different way. The result is a measure of the

strike angle (or strike direction) to identify linear features from subsurface geology.

Pedersen and Rasmussen (1990) obtained a formula for the calculation the strike directiba from

gradient tensor:

OA— ¢—— — IV-12
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Observe that the rotating of the coordinate systethawertical axisaimsto minimize the sum of
the squares of the three tensor components involving a derivativedirection. The method
produces an estimate df (strike angle) in every observation site. The strike diredi@valuated
based on its geological importance and continuity along theMneh, within a defined tolerance
can be chained together to form lineaments. (Dickinson et al. 2009).

It should be noted that the pattern of anomatieproduced is dependent of the coordinates.
However, it can only use patterns and shapes of thetgrgradient anomalies with the outline

designed.

Various combinations of the gravity gradient components can be used to simplify its complex
patternby adding an improvement and hilg in the interpretion of the data. For example:
amplitude of the horintal gradient of vertical gravity (f; amplitude of the total gradient or
analytic signal ofT,; and the differential curvaturevhich is also known from the early torsion
balance literature as the horizontal directive tendency (HDT). The amplitude of the horizontal
gradient ofT, can be used as an edgetector or to map body outlines. The analytic signal can be
used for depth imrpretation. The magnitude of the differential curvature emphasizes greatly the

effects of the shallower sources (Saad, 2006).

Amplitude of the horizontal gradient of vertical gravity T
Q YUY IV-13
Amplitude of the total gradient or analytic signallgf
0 YO 'Y Y IvV-14

Differential curvature:

5 oy Y IV-15

Saad (2006) describes the combining GG products to dbiathree invariants above showing the
usefulness in simplifying and highlighting the complex patterthefanomalies abouhe source,
providing further enhancemts to the high frequency of anomalies due to shallources and
producing coordinatendependent or invariant anomali€ghese are easier to interpret than the
original gradient components. Other coordinates independent invariants can be obtained and als

used to interpret the data using different combinations of GG components. For exarelan
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computealsothe horizontal and total gradient ®f and T, aswell as those already described by

PedersemandRasmussen (1990).

Gravity
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important difference is in the bandwidth which narrow for the gravity gradient data. The

bandwidth allowsan increased retention of the signal with shamvelength (high frequency)

generated by shallow and intermediate geological features that are not retained in conventional

ground gravity data. This increased sensitivity allows a significant increase in the resolution of the

anomalous bodies (Braga, 2006

Each tensor component of the gravity gradient corresponds exclusitbbsiae, shape, depth and

density of the mass anomaly providiagonstraint during the process of interpretation.

All thefive independent components are usethmprocess ofnterpretation for determiningor
examplethe center of mass (J and T,,), theedges of the body (J and T,x) andthe corner (Ty)
of the structure that causes th@omaly. TheT,, component ighe onethat closelyresembleghe

standard gravity (Brag 2006).But this is notalwaystrue It canwork very well for rectangular

prism!

IV.5.2. Tensor Rotation

The gravity gradiometry datelargely obtained in a fixed coordinate system NE2reby many

geological scenarios can produce enhanced imagingheftarget features using alternative

coordinate systems. Dickson et al. (2009) presented the underlying transformatietentor ina

relatively simple process selecting a set of tensor components to be transformed, such that
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whered is the angle of rotation about the down axis.

In order to better understand the gravity gradients signal, we simulate the gravity field effect from a

simple rectangular prism model following the formulation given in Nagy et al. (2000).

p = 250 kg/m®

z (km)

S35 b & & & o
Y y L

@ &

y (kam) X (km)
FigurelV-6: Anomalous mass represented by a rectangular prisnowittme nsi ons ( X,
km at an average depth of 4 krentered inthe origin of the xy-plane of thenorth-eastdown (NED)
coordinate system, which the positix@xis correspond to north, which the positivaxis correspond t

east and positiveto down

FigurelV -6 shows the orientation and tdanensions othe simple prism hypothetically constucted

to demonstrate thgravitygr adi ent . The pri sm mpo§250kg/@ands c on
centered in the origin dhe100 km x 100 km griebf the xyplane withaverage depth of 4 km with
respect to the northkastdown (NED) coordinate systerfrom the analysis of a single prism of
positive densitycontrast it is usually verified that the vertical component of the gravity anomaly

(T,) shows a diffuse circular amaly centered on the prismatic ba@gurelV-7).
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FigurelV-7: Example ofthe gravity gradientslerived fromanomalousnass(prism)withd i me n s i
Qy , z) = (50,50, 4) k nThewrtica gravity coenpoaegtels displgyadh thec
lower left cornertogether with schematic-B prism for viewing at depth. i@dients | (with i, ]
representing the three axesy, z) are ploted togethewith the white box in the xplane representinthe
lateral dimensiomf the 3D prism model.

The six gravity tensor components can be recovered from a gravity gradicmeteyproviding a
powerful toolto delineate thecharacteristics of thbody. The gravity gradientsre aproximately
relatedto the edges, borders, corners and center of miase anomalous masses, whichthis
case is a single prism model. The componemtie calculated on a xylaneabove thecenter of the
prism (z =-4 km). Due tothe symmety, only the upper diagonal part of the gravity gradient tensor
is shownin FigurelV-7. TheT, gradients highlight the-axis (or eastvest) edges of the prism by
measuring the eastest changes in eastest gravity; the J, highlights the yaxis (or northsouth)
edges of the prism by measuring the nadiath gravity trending boundaries;; fiighlights all the
edges of the anomaly, as it can be considered as a combinafignaoid T,y with a sign change.
Ty, and T, gradient data outlines the nosbuth and the eastest mass anomaly axes,
respectively, containing the center of mass of the bboryTalso help to highlight the nordouth
and eastvest edges. Although less intuitive,, Bhows distinctive circular anomalies associated

with the corners of the body.
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Figure IV-8: At the top the profils AA' along xaxis to y = 0 are plotted togetherwith the vertical
componentf the gravity field (gravity anomaly” T, and gravity gradient’ T,,, respectively).At the
bottomthe gravity fieldvalues in the left) andhe power spectrumiri the right) alonghe profile AA' show
theenhancd curve and resolutioof the gravity field components,and T,..

FigurelV -8 compares the gravity field values and the power spectrum on profile AA' for the gravity
anomaly (vertical component T,) and the vertical gravity gradient £J caused by the same
rectangula prism shown inFigure IV-6. It is clear by comparison in the profile that there is a
greater information level fahe process of interpretatiabtained from the I However, there is a
greater sharpness and separati the gravity gradient anomalies showing, in principle, a higher

ability to detect the prism edges.

The power spectrum shows the steep curve of thegrhvity gradient component reflecting a
possible improvement in the resolution of the observed. fidié power spectrum suggests that the
resolution of the gravity gradients improve significantly the capacity of detect the position of the
anomalous mass (prism), i.e., the gravity gradients highlight better the anomalous body.

Although the gravity tensoaccurately maps subsurface density contrasts causétk lyeologic
structuresthe gravity gradiestare often underused, as in the classic interpretation metieods
components widely used Thus, littleattentionis given tothe horizontal compon&s ofthe gravity
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tensor that couldbe of great importance it were representedn combinationwith the other

components in order to better identifle anomalousourcesand the local geological setting
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FigurelV-9: Representation of the gravity tensor usgmneinvariance for highlight the anomalous mas
according eqdV-8to IV-15.

In mostof thecasesnvolving real gravity tensor data it is necessary to uséntfaiarces to obtain
a best representatiai the gravitytensor componentga simultaneous combinatiogven by egs.
IV-8 to IV-22. Notice that the prisnis clearly mappedFigure IV-9) following the eqsIV-8 to

IV -15, respectively

One notices also that the strike lineament technique obtairfédure 1V -9(e) would illustrate the
dominant gealgical signature of the area if there exestsend in a certain direction dineregion
In this case, a singlerism, weare not able to see theend becauseit doesrt exist in this
hypothetical model. Howevergceording to Murphy and Brewster (200The identification of the
lineaments orgeological structures normally possible if theestimaes of thestrike directions at
each point are assessealséd on their geological significance and continuity alatige with a

simple rule of thumb.
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Figure IV-10: Response derived from hypothetical singlism model(dashedwhite boX in a rotated
tensor coordinate system of 120 degrees about-thésxsimulating a structural feature to bahancedn
thenorthwest direction.

The tensor rotationHgure IV-10) is recommended in some geological scenarios, producing an
enhanced imaging of the target features (Dickson e€2G09.

It is apparent that the combined usethad gravity tensor componénis able to define in some
extent thegeological settingpf a region These imaging techniques inclutlee use of rattional
invariants strike lineamentsand rotations of the tensor coordinates. Thus, the correct application of
these techniquegan help and improve the interptation of the gravity gradient maps for

geophysical studies
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CHAPTER YV

V. PROCESSINGTHE GOCE DATA

The GOCE mission is based on a sensor equipped with a GPS receiver for -sasdliedlite
tracking (SSThi) in the highlow mode, plusa sophisticatedatellite gravity gradiometry (SG@)
providing a huge data set consisting of millions of orbital (@¢aived from SST) and very precise
in-orbit gravity gradiometry datéSunkell, 2002) This data contaiabundant information about the
Earth's gravity field on a global scale, from very low to high frequencies. This gravity field
information is represeatl bya set of sphericdlarmonic coefficients up to desg and order 250

which corresponds to a half wavelength of about 8@kspatial resolution

Thereare only four GGsVyx Vyy, VzzandVy, with very high accuracyy,y and \{, are less accurate

as aconsequence of the gradiometer configuration that consists of sixatki,e@accelerometers
being two ultrasensitive axis and one less sensitive axis, built and tested on Earthgin a 1
environment (ESA, 1999).

The scientific procesng of the GOCE data, known as Level 1b to Level 2 processimpne by
the highlevel processing facility (HPF), which is part of the GOCE Ground Segrienp(et al.
2007). This preprocessg stageget the Level 1b gravity gradients (GGs) derived frdme
gradiometer observations which have been calibrated in flight using satelikeng and star sensor
data. Ater manytransformatios the datebecome€GG_TRF_2.2 gravity gradients in LNOF (see
Annex A) with correctionsexternally calibrated ina local northoriented frame including
corrections due tthe temporal gravity variationge.g., ocean tides, pole tides, Awfal) to isolate
the static gravity field part, outliefdl -in gravity gradients for data gapsth flags(if detected) and
their GG error estimate@Koop et al, 2007 Gruber et al., 2009

The Level 2 gradients together with precise science orbits are derivedylabal gravity field
model| represented bgpherical harmonic coefficient particular, the GGsnay be directly used

in Earth sciences, typically f@eophysicaticeanographiapplications focusing on smaller spatial
scales(Koop et al. 200), using the gravity gradients transformed from the GRF to the LNOF
system (see frames system in GOCE satedlit ANNEX A) by HPF inGOCE level 2 Products,
released as a Track_ GO_CONS_EGG_TRF_2FigureV-1).

However, to use of the released EGG_TRF_2 LevdPr@ducts requires the extraction and
preparation of all the additional correction neettedemove the GOCE GGs noise (shift/drift) in

crossover (XOpoints(FigureV-2) dueto the different orbit heights at each orbit of the satellite. In
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this work, we have analyzedhe 21 GOCE track filesavailable in thestudy aredo obtainsucha
correctionusing thecrossover errorandthen we haveemoved a linear trend alonige time, using

standard leastquares parameter estimation

1°—= 1 31-Oct2009 to 31-Oct-2009 23:59:59 — 1 day(s)
2°— mmmm  01-Nov-2009 to 30-Nov-2009 23:59:59 — 30 day(s)
30— = (01-Dec-2009 to 31-Dec-2009 23:59:59 — 31 day(s)
40— = 01-Jan-2010 to 11-Jan-2010 23:59:59 — 11 day(s)
50— = 13-Jan-2010 to 31-Jan-2010 23:59:59 — 19 day(s)
6°— mm 01-Feb-2010 to 12-Feb-2010 23:58:59 — 12 day(s)
7o mm 07-Mar-2010 to 19-Mar-2010 23:59:59 — 13 day(s)
8o W 25-Mar-2010 to 31-Mar-2010 23:59:59 — 7 day(s)
9o mmm  01-Apr-2010 to 30-Apr-2010 23:59:59 — 30 day(s)
g 10°H § 01-May-2010 to 05-May-2010 23:59:59 — 5 day(s)
3 11°- == 09-May-2010 to 31-May-2010 23:59:59 — 23 day(s)
E 12°- = 01-Jun-2010 to 30-Jun-2010 23:59:59 — 30 day(s)
13° mmm 07-Oct-2010 to 31-Oct-2010 23:59:59 — 25 day(s)
14° mmmm 01-Nov-2010 to 30-Nov-2010 23:59:59 — 30 day(s)
15° W 20-Jan-2011 to 26-Jan-2011 23:59:59 — 7 day(s)
16°— 1 29-Jan-2011 to 31-Jan-2011 23:59:59 — 3 day(s)
17° B 01-Feb-2011 to 07-Feb-2011 23:59:59 — 7 day(s)
180 = 11-Feb-2011 to 28-Feb-2011 23:59:59 — 18 day(s)
19° m— 01-Mar-2011 to 31-Mar-2011 23:59:59 — 31 day(s)
20°— 1 01-Apr-2011 to 03-Apr-2011 23:59:59 —> 3 day(s)
21°— = 06-Apr-2011 to 30-Apr-2011 23:59:59 — 25 day(s)
20‘1 0 20I1 1 20‘1 2

Time (year)

Figure V-1: Track files coverage of the GOCE gradiometric datavided by GOCE level 2 produc
covering the period from 10/2009 to 04/2011 (each bar correspottustime span ofheorbit).

Gravity gradiometer data ameormally affected byhigh-frequency noise originateéfom the
movement of the platform. Low pa filters are often applied to remove such metelated noise.

The filtering, however, does not discriminate between signal and noise and removes both from
frequencies outside the pass b&kdop et al. 200 The GOCE accelerometers are designed to

give the highest achievable precision in the measurement bandwidth (MBW) between 5 and 100
mHz, which corresponds to a resolution along track e8@@0 km.The diagonal gravity graéints
inLORFdonote x ceed t he preci si onBownnetth 20B)/ aHz i n t he

V.1. GOCE Satellite Track CrossOvers

The crossovers (XOs) technique has been applied very successfuly not only in satellite altimetry
but in othergeophysical observations collected bgeanograplui vessels, remotelyensed data,
airbornecollection campaigns, or terrestrial measurements of various types obtlkingdcass

cross traverses. Tlreossovers allow to detect possible systematic temporal esraty check the
inherent accuracy of the gradiometer system (WesseR; IB8umanet al. 20®; Jarecki and
Muller, 2008; Wessel, 2010).
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The basic principle of crgsver in order to remove a drift in GOCE gradiometric data sets follow
the stepsdescribedn Albertella (2000) Firstly identifying the satellite orbit crossovenshich do

not really exist threelimensionally due tahe orbit eccentricity, that do not allow pested
measuremenisandthen removinghe strongly orientatiordependent charactef the orbits,due to

the alignment of the satellitéo be different onthe ascendy and on the descending intersecting
tracks Therefore, these cremversdo notfollow the simple concepdf having data points collected

at thesame position in spacbut they can be computed for the same positipray(of the ground
track on a twadimensional reference defined Hyeir projectionat thesurface &proximated by a
sphere).

According to Albertella (2000), the measuremeantsof GOCE's gravity gradiometer should show
no differencest theorbit crossovers:
Wi W V-1

where the indices j represent the three axes of gradiomeater, z, and the indice4, 2 meanthat

each ground track crossover has been found by intersection of two ascending and descending tracks
here obtained byhe interpolation ofseven or at least thresata points alongtrack aroundthe

specific crossoverHigureV-2) using the method akkima (1972).
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FigureV-2: Crossover geometryf the SGG atellite tracls. Schematization of the satellite orbit craser
in (8 "the same position in 3D spacéModified from Bouman et al., 2@);, and (b)the same geographice
position on a twalimensional projectionver the surface of the studyea.

Thus, for each ground crossover, i.e. the same (geographical) pasjt@nwe canwrite

T . V-2

hh hh = hh

As already mentioned, due the orbit eccentricity, the satellite altitude differs in thpsejected
positions causingthe existence dfieight differencesp ,, that can be as high ad3 km, causing

measurement differences "at the same point in space" ¢eexgsonthe GOCE observations.

Q. 0. V-3

hh hh

Moreover,the different orientation of the gradiometer axes along each ascending and descending
track must be consideredwhich leads to further measurement differences by rotating the

measurements or by applying a reduction:

orn Wrp QB V-4

The XO differences can be usenh principle, with any available gravity quatity, because the

measured variables atfgeoretically equivalento reducethe discrepancies between the tracks. One
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method of doing this is to useodeled differencesdm simulated gravity gradients calculateam
an existing geopotential modet.g EGM96, EGM2008 or EIGENGRACE.

Accordingto Jarecki et al. (2006jhereductioncan be calculateas

i Q Q W p W p V-5

After thisreduction, the XO differences are
Y i wp Wi 1QQ V-6

As a reduction is necessary fmympensating thbeight differences and in order to avoitbas of
guality in themeasurements, weaveused the reduction concept by linear trend estimasiod we

did not apply any spacial filter freservamportant fequencies in the full gradient signal.

Following Boumaret al (20®), we can us@nother wayof reductionby introducing a model error

in the crosevers calculated from external validation method@using auxiliary data from a
geopotential modeto simulae gravity gradientsat thesame position of the GOCé#ata points).
Thus, the height differences in the crossover points l¢adneasurement differencestime gravity
gradientsthat should beeducedto the same reference height and to the same orientation of the

gradiometelxes along each traty applying

w Q 0 » OYQ w OV V-7
wherew is the derivative ofhe gradients in theertical direction andw is the derivative with
respet to the satellite orientatiorwhich can be computed from the geopotential models (e.g.,
EGM2008) by simple numeric differentiation together with the heiff@ and diretion ¥

differences.

However, as we have no information abth&direction of the gradiometer axes fratf6G_TRF_2
Level 2 Products, we will apply a reductiobhtainedfrom the crosever differences analysiwhich

can easily be estimated hljie leag-squares adjustment (linear trendf) the gravity gradient
differences with respect thetime differences oto theheight differences in the crossovers

V.2. Linear Trend Estimation

In practicethis is a technique based on gmsumption thahe geophysicafield is continuous from

track to trackand along the trackEven though the geology may be variable, the observed data will

78



tend to show significant correlations betweleasatllite orbit tracks. However, this methalonly
feasible if the track is fee of systematic errorffor instance, without misalignments of the
accelerometerdeveling scale factor mismatches, etior a reference satellite height. Asis
known that the orbit eccentricity mak#ése alttude of the satellite to be different at tb®ssing

positions, i is necessary to use the cr@asr technique.

The timestamped in each collected data point can be used for such a correction, since we have
neglected theffects ofthe periodic errors (€. Fouriertype periodic disturbancesys discussed in
Jarecki and Mulle(2038) and Koop et al. (2002)

Following Koop et al. (2002), let> representthe geophysical fieldneasurement differences,

which are afundion of the observed gradienthd the standard error model for the external

calibration of the gradiometer measuremenikss function can be constructed as

® o ®-e+oho o Vo8 V-8

with @ considered as constant biagorrupting the real gradientd ; however,applying the
cros®ver gradient differences, thenstant bias cancels qu@nd reapgars only in the magnitude of

the errors. The linear trendV is the basic error feature. It projsdinearlyinto the crossver

differences Y-6), while the real gradiendVin the reoccupied positiafi(t;) = (i(t,), aty) = akt,):
g0 w o wo ot o o oVt Yo 8 V-9

Thus, hecrossver errors§r cr ossov eagw di & carrbe expressed agunction

of timet, f(t). The corrected measuremeats i.e., the difference between andf(t), are
W w Qo8 V-10

Due to the geophysical fieltb be continuous and calated track to track and alotigck, the
'corrected' measuremertds in each track point should match, so that the difference between the

two measurements thecrossover should be minimal,

Yo g Qo a Q¢ v-11

Once a modef(t) is selected, the XO error functidft) can be determined from the crogsr
differencesi(e.,0 0 andw O associated with the time differenget=t; 1 t,) using standard

leastsquares parameter estimatidrhe measurememd is corrected using equatiofr11, where
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the gradients serve as a new reference 'free of systematic errordratiigand this procedure is
repeated for all alontgack point of the entire GOCE data set obtairtédureV-1).

The success of the systematic trend correction in the GOCE data is given by a crossover error
model that adjusts thé™ which may not correspond to a geological meaningful model. For
instance, iff(t) in eq. ¥-11) fits quo perfectly, we have no crossing errors. Obviously this is
physically incorrect, as therbit eccentricitydo not allow exact meated measurements ithe

crossing positionsA Matlab programwaselaborated to estimate the crossover errors along one or
more tracks fitting the measurements that best defines the crossover error model.

The simple model of a crossover error funcfighin a polynomial form can be given by
MO O OO O E ©o V-12

wherek is degree of polynomial araj arethe coefficiens. The residual is given by

Y ® O OO o E o V-13

The coefficientsa = (ao,a1,...a)" can be resolvee@asily in a leassquares sense. Far= 1, the
equation reduces to the linear solution. In this case, we assumed the crossoveemesent a
linear trendalongthetime.

The orbit of ground trackn the alongtrack directionis providedfrom the EGG_TRF_2Level 2
productsat the altitude ofabout 250 kmwith the position and GGs informatiowith a sampling
rate of 1 Hz.The main orbit characteristics an@ajor semtaxis 6628 km, inclination 96.and
eccentricity 0.001 (Jarecki and Mdiller, 2008).

The first stepto obtain the crosever correctionwas to break each EGG_TRF_2 products GOCE
Level 2 into smaller trackgeneratingnew tracls equivalent to ascending aescending tracks.
Figure V-3 shows, for instancethe ground tracksin the South America from GOCE Level 2
Products (Track_GO_CONS_EGG_TRF_2_20110211T000000_20110228T235959 0001, see
FigureV-1). The 18 days orbit of this test datamprises dme span from February 11 to February

28, 2011 with 1 Hz sampling intervakndhave beerroken into ascending and descending tracks,
resultingin 61 ascending and 61 descending tra¢32 crossovergere foundinto this test area

60U O G4 O 1886 UnGrm@bMituded e and
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In the same formeachGOCE gradiometric datsetcovering the period from 10/2009 to 04/2011
(FigureV-1) was splited irto new ascending and descending tratkat werestored in a database
set and posteriorly checkéar intersection. Thughewhole GOCE gravity gradients data sethe

study arednave been analyzeging the satellite track crassers

When we comparen ascending track with descending track frorthe samé&sOCE data sdi.e. an
uniqueGOCE track filg we getthesec al | ed 6 6d wmdreg .l The s®&d esxitbe rar
crisscross points found when making the comparigbthe ascending track with descending track

from two different GOCEdata set (FigureV-1).

Once all XOswerefound (internal and external) thetest area, whaveestimated the linear trend

and report the crossover error (COE) and mean values for all observables in the corrected track
files. The values of the observations at the intersections are interpolated from the neartnaekong
values using the specified linear, cubic, or Akima (1972)nepinterpolatar and the reduction
proceduregsuch as longerm trend)are applied The crossovelinformation for each track pais
appended to a growing data file with all COE obtained to date. Herdaweusedthe Akima

spline interpolation (Akima, 972) to estimate the data values atitttersection points (i.e. to find

the crossovewvalueg because it is a special spline which is stable to the outliirentrast for
example,to the cubic splinethat can introducespuriousoscillatiors in the neighborhood of an
outlier (Wessel, 2010).

In theteststudy areajiven byFigureV-3 representing South America for whole track fitkepicted
in theFigureV-1534.769 XOs points have been fouaddthe position the GPS timethe satllite
height andthe measured gradients were interpolated using the described procedure
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FigureV-3: Satellite ground orbit based tile GOCE data trackrc (blue and red lines represe
the ascending and descending trackspectively) from 18 orbitlays acquiredon February

2011in atest area fothe crossover analysis

The resuls of the linear trends of the gravity gradients with respect to height differespdese

shown inFigureV-4.
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Figure V-4: XO differences of the whole data set of GOCE level 2 products covering the perioc
10/2009 to 04/2011 (in 361 days) discussefFigure V-1, showing a linear trend clearly visible from t
leastsquares estimation.

In the FigureV-4 one can observihat the offdiagonal gradients measurements presented a nearly
noisefree signal. Therefore, we will apply the linear tr€kd 1 to eq.V-13) removal only for the
diagonal tensor components.

FigureV-5 exhibits thetensor vertical component (Vzz), in the ldfom EGG_TRF_2 GOCE data
without the crossover correction and filtering MBW, and, in the right, the tensor vertical component

derivad from a geopotential model at a height of 250 km
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FigureV-5: Comparisorof theVzz component from (a) EGG_TRF_2 products GOCE Level 2 data wi

XO errors removal and (b) from geopotential GO@#iy gravity model (Paiet al, 2011) up talegree anc
order 250 calculatada the satellite altitudef 250 km.

The effect ofthe linea trend superposetb the GOCE data setas estimated directly fronthe
crossover differences by leagjuares adjustmenAs discussed in Jarecki and Mduller (2008), the
effects of the interpolation errors on crossovers can cause discrepancies of tied orggsover
differences. Nevertheles,is recommendetb use anore robustrend estimation methdde the
one described iarecki and Mduller (2(8) andor a trend estimation froma large set oXO

differences time intervals for miniaing the effetof outiers (e.g.,TableV-1).

The assessment of the interpolation errors on the trend estimation for differenttervals is
summarised iMableV-1, considering that the investigated track sections were all in the study area

(FigureV-3) and then the track data set for all terrestrial gldbgufeV-6) (only 1 and 11 days)
deomi nated fA.1 revolutiono
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TableV-1: Es t i

mat i on

of

near

trends

f,yobtheGRCE gr av

data seusingdifferent combinationsiif height variatioh of the tracks in the testarea and in the

globalarea.

track section

crossovers witlracks

estimated trend
# samples (XOs)

investigated from std [mE/d]
361d (whole data set -1.228988
1arc ) ca. 534.769
only in study area) 1.864492
-1.232420
1 revolution 1 d(global area) ca.248

0.0291720
-1.231484

1 revolution 11 d(global area) ca.28.425
0.029146
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FigureV-7: Gravity gradients ahe mearsatellite heighth &  2)%rdm clossover correction

Theanalysis of the resultgigureV-7) shows that theomponenv,, seemdo be lessccurate than

the others gravity gradientsomponentsand its values are almost 10 times greater than all the other
componentsThis observatin will be discussed in the next chapters.
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CHAPTER VI

VI. TOPOGRAPHIC CORRECTI ON

In an environment of irregular topography, the undulations of topography above and
below the elevation level of a gravity observation point are referred as terrain
comection. Terrain correction is necessary when the gravity effect due to topography
between any station and the base station is over the accuracy of grayikoetberg,
1984)

Topographic and isostatic reductions are evaluated to eliminateffects ofthe two

most dominant and best known density anomalies of the earth: the visible topography
and its associated compensation at depth. Generally, such gravity field effects are
nominated "terrain effectgForsber, 1984)

According Forsberg (1984)heterm "terrain corrections (TC)" commonly applied will
be reserved fom correction to the Bouguer reduction, to give the true (unlinear) effect

of the topography on gravity anomalies

Helmert (1884) proposed a few methods for mathematically computing a potential field
with no masses external to the geoid. The
potential with effect of the topographic masses above the geoid, as well assthgas
balance masses removed (i.e., topografgustatic reduction of gravityHeiskanen &
Moritz, 1967) H e | me ¥ methed oPcondensation removing the topographic masses
and restores them on a condensed mass k&t the geoid and the attractive property of
having a small indirect effect (Lambert 1930). Martinec (1998) said all existing
He | me ™ condensafion approach in topographic effects use the concept of planar
approximation of the geoid which descriltke actual situation only very roughly. Only

in Martinec (1993) begun to be studied in great detail to spherical effects. Smith et al.
(2001) quantify the errors in using planar approximations and introduces spherical

prism approach for terrain correction

Gravity anomalies provide important constraints for determining the geological
properties and history of the Eartiihe Gravity Missionsby Satellite have also mapped
the gravity fields that provideinsights on théearth'sinternal mass propertieélready

the topographic reductiondelp differentiate freair anomalies for components of
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uncompensated terrain and other crustal and subcrustal mass va(isigingrzadeh et
al., 2007.

The modellingof topographic effects in gravity gradients as observeGiayity Field

and Steady State Ocean Circulation Explore (GO@Epased on the numerical
evaluation of functionals of Newt onods i nt
topographic masses whichciude the masses of the continents as well as the oceanic

masses. Th&OCE gravity gradient mission launched in late 2009 is resolving further
detail s of the Earthos gr,antlihe presdntdayatd t o de
roughly 250 km altitude.

TC are neded in various applications such gseoid computationinterpretation of

crustal structureas well orthometric correction (Hwang et al., 2003). Most of these

methods are computed by algorithm based on the Fast Fourier Transform (FFT) and is
suitable for gridwise computation. The other algorithm is based on the direct
integrations of the TC integrals and is ideal for pewde computation (Hwang et al.,

2003) . The most widely wused method for ter
(Hammer, 199), which many geophysicists are still using it for terrain correction.

Forsberg (1984) computed in effect of topographic masses by direct calculation of

prisms deduced from the digital terrain model. Hwang et al., 2003 used a rigorots point

wise method tat is based on Gaussian quadrature. Heck & Seitz (2007) computed with

a tesseroid method.

Beside the topographic and density information which define the geometry and mass of
the particular tesseroids, their spatial arrangement has to be fixed. Eventti®ugkd
tesseroid formulas are given in a spherical manner, these bodies can be set up on
different reference surfaces approximating MSL (Mean Sea Lé\edkeroids are well

suited for the decomposition if the topography of the Earth is representedbila
(Digital Terrain Modelwhich is usually given in geographical coordinates.

A much more effective approach analyzing gravity data over a finite spherical is to
represent the anomalies by gravity effects of an equivalent point source distribution or
related tothe masses of a fixed distrifion of gravity point poles by leasquars
inversion Asgharzadeh et al., 20D Due the geological significance of the existing and
growing volumes of regiondlarge scalejerrain elevation and satellite gravity data in
study area, there is great need for computing theoretical anomalous gravity fields from
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geological and geopissical models in spherical coordinateBor this, we usedhe
t e s s e rld isaftware developedby Uieda (2011) which use the notion about
tesseroid introduced b&nderson (1976)asdescribed irHeck & Seitz(2007) shown
previously in this thesis

The topographic data used to the calculation of topographic reductions was from
ETOPOL1 Global Relief Model, a global relief model of Earth's surface that integrates
land topography and ocean bathymetry. Tational Geophysical Data Center
(NGDC) departmenof theNational Oceanic and Atmospheric Administrat{iNOAA)
hasdeveloped the ETOPO1 that was built from numerous global and regional data sets
with a 1 areminute resolution in order to improve the ETOPO®Iabal Relief Model
(Amante & Eakins, 2008)

Thus thetopographic dataepresented in th&igure VI-1 were used from ETOP1
model with a grid 1 minutéAmante & Eakins, 2008).

Just as Heck & Seitz (2007), for this calculation, the topographic surface of the Earth is
often divided in sphericaprism as described in Chamerevious and your calculate
combined effect of a list of tesseroids on given computation points frotagberoids
1.1Betasoftwareby Uieda (2012).

The calculationof the Gravity GradientTensor (GGT) and gravity anomaly (gz) due to
topographic masses using tesseroids was obtained from Digital Elevation Model (DEM)

as such ETOPO1 model givem a resampled regular grid in 10" egsphced grid

together with its corresponding density valugsre,for this methods assumed that the
heights into and/ or above sea | evels (refer
consideredto be the average terrain densiy7 g/cni and negative heights signal

oceanis considered the constaténsityof -1.64 g/cnt (i.e., the difference between the

mean ocean saltwater densit3 gtm® and the reference crustal densit§2kg/n?).
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Figure VI-1: Topography and bathymetry from ETOPO1 global relief m¢detante
& Eakins, 2008).
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Figure VI-2: Effect caused by topographic massesng tesseroidat 250 km altitudefor
gravity anomaksfrom resampled ETOPO1 DEM 10' grid.
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Figure VI-3: The resulting gravity effect on topograpleprrespondinggravity gradientsat
altitude higher than regional heigitom resampledf the ETOPO1 DEMper 10 byl10 arc

minute grid cell

As described abovthe terrain correction to gravity fieldue the topographic masses
irregularities can be estimateétfom geometric element used in the forwagdhvity
modelling processes such as prisms calculated from the Diggafain Model as
computed by Forsberg (1984glative to a smab mean height surface. Here, the
topographic reductiorn gravity anomalyand GGT is performedrom the effect of
topographicmasses by applying forward gravity modelling in space domain using
tesserais (See section lll.Bdeduced from ETOPODEM at Earth's surface using a
mean height level chosen to be higher than the regional topographic height. This is
because the tesseroitldl program does not guarantee the accuracy of the calculation at
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zero height (Uieda et al. 2011). So, for area in S@mtlerica, 6570 m mean height was
used for estimate topographic masses effect. Also, we calch&ataine effect at 250
km heightcosidering thats the GOCE satellite mean height, which has been derived
the gravity field data.

Gravity Anamaly vz Gravity Anomaly
100

Grawity Anomaly

200
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100
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FigureVI-4: Effect caused by topographic masasimg tesseroidat 250 km heighfor gravity
anomalesfrom resampleaf 10 arcminuteseETOPO1 DEM.
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FigureVI-5: Effect caused by topographic masssisg tesseroidat GOCE satellite heiglh =
250 km) for GGT from resampled ETOPOL1 10’ grid DEM.

Likewise, we obtained gravitynodelling from others geological targets Moho and
basin sediments from seimological Moho thickness, depth and isopach models
computing tesseroid massasd/or prism masses by LithoFlex program (Braitenleerg

al., 2007) as discussed in next chapter
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CHAPTER VI

VIl. RESULTS AND DISCUSSION

VII.1. Overview

The mantle densities seem to examimportant control on the formation of the basins
andthe study of the gravity field, the potential and the gradient teasopled withthe
isostatic statef the lithosphere in the regioms an essentialool by which one can

classify thee important structurgBraitenberg and Ebbing, 2007)

Because of its largscalesize, theheavycovergeby tropical jungle which limits the
accessand acquisitionof geophysical measuremerdad geological parameterttle
detailed and reliablenformationis awailable about theAmazon and Solimbes Basin

one of the greatest geological domains of South America, located at the northern part of
Brazil. Thus, coupled thiack of good terrestrial gravity data the Amazon and Solimdes
Basin profit greatly from the graty satellites. The recent GOCE satellite mission,
whith gradiometry on boardontributes greatly to improve the available gravity field
consequentlyjs of fundamental importance to characterize adequately the relgion
this study spherical coordinates have been used in the calculations of the gravity field
potential from EGM2008Pavlis et al., 2012and GO_CONS_GCF_2_TIM_R®Palil et

al., 2011)GGMs published in terms o$pherical harmonics according to what was
discussed and recommend in APPENDIX A.

The models associated to the gravitgld arecomposedf different wavelengths that
representthe density variations on different depths withime Earth. Therefore, the
geoid or the observed gravity acceleration (and its derivaticas) be separatedtm
different wavelengths by approximations used commonly in the regiesiaual

separation of gravity anomaliés exploration uses

Bowin (1983) showed that there is an approximate relation between the spectral content
(information about wavelength) of the geoid and the depth of the anomalous mass
which generates a particular wavelength. Similarly, the gravity anomaly corresponding
to the same anomalous point can also be deriVedrefore, the relatiohgs can be
combined to obtain a boundary depth at which a dass$sbutioncan exist to creatine

observedgravity andgeoid anomalies in the earth's surface. Using spectral relaifisns
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in the spherical harmonicepresentatiomf the freeair anomaly and geoileight, one
can produce an estimate of the maximum depth of the anomalous masses as a fraction of

the Earth's radius depending on the spherical harmonic degree.

The sedimentarybasins may be correlated with the gedidt this is not always the
case This discrimination points towards different density characteristics in the
integrated crustal colum{Braitenberg and Ebbing, 200ther important observation
constrainedto the evolution of big sedimentary basins the presence of volcanic
structuresat some timestage and at some depth at the m$mparticular, thebrazilian
Amazon, Solimdes and ParnaiPaleozoic basins present a broacka where sill
intrusions are frequergndthey mighthaveathickness oftip to500 m and an estimated
volume intruded into sediments about 240,000 kfy probablyrelated to théoreakup

of South America and AfricA@Vanderley Filho et al., 2006)

Variations in the crustal thicknes$ large regions arasually attributedo downward
deflection beneath the basinitfis associated with the loadtiving subsidence within
the crust. Furthermore, important observationsthiese basins are related to the
deviationof the observationfom the classic isostatic equilibrium mogtdat predicts
the crustal thicknessxclusivelyfrom the topographic anégdimentary loads. Instead of
crustal thinninga high density mass distributiam the crust andippermantle appear

to be a typical featurpresent in these large structures, that may be causadrisan
densitydistributionof the intruded material ca partial replacement dhe lower crust
by mantle material, continental underplating, or passive upwelling of partial melt during
rifting and extension of the lithosphg(fgraitenberg and Ebbing, 2007; Nunn and Aires,
1988)

In this caseisostatic gravity anomalighat can be modeled by an equivalent toAhg
modelcan be used to identify additionaiustalloads indicating undeicompensation if

a positive isostatic gravity anomaly is fouodan overcompensation otherwisasthe
zero isostatic anomaly correspondsheisostatic equilibrium. The isostatmodels are
calculatedfor considering either crustor subsurface loads, the latter constituted by

sediments and intruded material of high density such as diabase sills and dykes.
VII.2. Model Validation

The ®diment thickness maigureVIl-1a) in the continental areagasobtainedfrom
the data baseof Bizzi et al. (2004) (basement depth ungiex the sedimentary
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package) where not available the sediment thicknegss handdigitized usingan
isopach map from de Matos and Brown (1982nderley Filho et al. (2005) and Eiras
andWanderley Filho (2006) and/or frothe global sediment map digitized on a 1° x 1°
scale (Laske and Masters, 1997). In the oceans the digital global sedimo&ness
model published by the NOAAt National Geophysical Data Center (NGP®ith a
grid spacing of 5 arminutes by 5 areninutes (Divins, 2003)vas usedalthough we
will not go into details in this thesigs our interest area is only in the Ammn and

Solimdes Basins.

The density contrast usddr the sedimentary basin rocks was defined relative to the
reference continental crust density 2670 Kghwas consideredto be betweenthe
basement anthe sedimentary rocksanging from 18 to 370 kg/m® considering the
increasingof the sedimentary packaghickness(i.e., correspondent to the increase in
density values from 2300 to 23 kg/nT with increase of the sediment thicknesss.
reported in Nunn and Aires (1988), we have also assumed a aversity anodel of

the sedimentary rocks 28%g/m>. For ocean sediments, we have assumed an average
density about 230 kg/m® (Fischer et al., 1996F{gureVII -1).

(a) Sediment thickness

(b) Gravity Effect in sediments
v B ~ :

70 -85 -60 55 50

(c) Diabase sills model: gravity effect

Figure VII-1: Forwad gravity modellig for sedimenpackage and diabase sillsom our
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assumedlensity modd. (a) sediment thickness from Bizzi et 2004); (b) gravity effect in
sediments{c) gravity effect indiabase sills(d) gravity effect sills plus sediment. P.s: grav

effectis calculatedrom forward modelling using tessroids

We havealso simulatedthe low density basin sedimentseing intrudedby a denser
material, reproducinghe diabase sills and dyke®portedin Wanderley Filho et al.
(2006),that postulate thahe crust has been intruded by denser material with a density
of 3000 kg/m® beneath the basirattribuing the densityto the ‘intruded material' as
beingthe same of the Cambriage pyroxenite body drilled beneath the naintral

part of the Amazon basifaccordingto Nunn and Aires1988) in order to explain the

observed positive gravity anomalisthe basirregion

The fact of thehigh gravity anomalie®eing coincident nearly, with the axis of the
syneclise, suggesting shallow ulvasic bodies, together with the ungary
aulacogenic strata, led to the classic interpretation of a rifting mechanism as the initial
driving mechanism for the subsidence of the Amazon Basiooding to Milani and

Zalan (1999) so, we also have simulated diabase silist lie into the sednentary
basins. For this, we replacdgtle load of lowdensity sedimentsby higherdensity
material with a density 08000kg/m® for an average thickness of 500 m in the basins
axis FigureVIl-1c). Figure VIl -2 represerd the contribution of thesediments and the

sillsinto the basin system.
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Figure VIl -2: Gravity components along thegfile A-A' that transects the Amazon Basfee

profile locationplotted inFigureVII -3.

In order to calculate the forward model by the tesseroids program already described in
the previous chapters, we have calculated the grids of the density distribution and
thickness of theesliments, as shown FigureVII -1.

In the same way, we al$@mve calculated thgravity effectof the crustal thicknesslhe
results from Lloyd et ali2010)indicate that theseismological Moho ishicker beneath

the central axis of the Amazon badianked by a slightly thinner crust which becomes

to be thicker taardsthe northwest and southeast of the Guyana and Guaporé shields,
indicating that thedaddriving subsidence of the Amazon Basin can be within the crust,

which isin agreement witlthe observed positive anomaly at the ceafehebasin.

These authors haw®onsidered a crustal density modegth an intruded crustal material
of density3000 kg/m®, and sathe responsin the observed gravity is a positive anomaly
caused by this crustal load. Howevttre positive gravity signal from Moho is broader

than the positive gravity anomaly observed at the centiiebasin.

In order to obtaithe representativieesponsef the crusal andupper mantlestructures,
thegeoid undulationsverecalculated withGOCE satelliteonly GGM (Pail et al., 2011)
up to degree 25Gndthe longest wavelengthontribution wagemoved by subtracting
the degrees smalithan 10degredn the spherical harmoniexpansiorn(Figure VIl -4a).
This reduction correspon@pproximatellyto subtacting the components of tigeavity
field with wavelengths greater than 2000 knthiamid-latitudes (Braitenberg & Ebbing
2007).

The Bougueranomaly(Figure VII-3a) derived fromthe GGM (Pail et al., 2011) has
been correctetb remove the effect dhe topographic masses estimated from forward
gravity modellingusing tesseroids €g section ILB) with the ETOPOIDEM data; this
modellinguseda mean height level chosen to be higher than the regional topographic
height as shown in chapter VThe Bouguer anomalgo obtainedhas also been

analyzedn comparison witherrestrialdata where availablg-igureVII -3b).

Furthermore, the Bouguer gravity anomabas also calculateth a simplified form
from thegeopotential modelHigure VII-3c), subtractinghe attraction of the Bouguer

pl at e (fom @e Hlassical gravity anomalyThis appraimation for the
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topographyreduced gravity anomaly is calculatedusingthe spherical approximation
with the topographic heights H calculated from the model DTM2006 used up to the
same maximum degree as the gravity field model (Barthelmes, 28917 and 126).
Thesimple Bouguer gravity anomalyasused b r  H O with dgnsitycoristrast

= 2670 kg/m®), and forH < 0 (water withdensitycontrasty  =670{ 1@25) kg/n’,
accordingBarthelmes, 2009). This simplified mods#fi the Bouguer anomaly has been
calculated fromthe facilities available at thénternational Centre for Global Earth
Models (ICGEM).
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(a) Bouguer anomaly from topographlc correctlon with tesseroids
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(c) Bouguer anomaly reduced from Bouguer
plate development in spherical harmonic

Figure VIl -3: Representation of the Bouguer gravity anomalgifferent aspecs: (a) gravity
anomalycalculatedby tesseroidsvithout thetopographic effects; (b) Bouguer anomaly frc

the available terrestrial measurementsd (c) Bouguer gravity anomadglculatedn spherical
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harmonis removing the Bougugslateeffect from the classic gravity anomaly

The Bouguer anomaly represents maitthg crustal sources and provides an outline for
the crust thickness variations in younger tectonic areas. In the case ofcceatas, the
base of the crusis expected to shouittle variation and featuresbserved inthe
Bouguer anomalynaps should benainly caused by théensity variations in the crust
and upper mantlBraitenberg & Ebbing 2007).

(a) Geoid height (b) Geoid height
up to degree 250 up to degree 10

(c) Residual geoid

[m) 10

(d) Gravity anomaly (e) Gravity anomaly
up to degree 250 up to degree 10

FigureVIl-4: (a) Geoidcalculated by harmonic expansion uplegree and order 250; (b) gec
calculated by harmonic expansion updegree and order 10; (c) Residual gedidng the
difference (a)b); (d) gravity anomaly free-air (mGal)calculated by harmonic expansion up
degree and order 250; (e) frae anomaly (mGalxalculated by harmonic expansion up
degree and order 10 (f) Residual fil@e anomaly (mGal) on Amazon and Solimdes Bss
being (d}(e). Data: GO_CONS_GCF_2_TIM_RRBail et al., 2011)

The Figure VII-5 depicts the Bouguer anomabjong theprofile AA' crossing the
Amazonbasin. TheSolimées and Amazonas basistsetch for over 3000 knn the

westeastdirection and approximately 500 knm the northsouth directionwhere the

sediments reacthe thicknessof 5,000 t06,000 meterqSilva, 1987; in the Parnaiba
Basirs this thickness reach&400 m (Caputo edl. 2005).

The Bouguer anomaly map displays a chain of gravity highs about +30 mGal to +60
mGal over the basinroughly coinciding with the maximum thickness of sedimentary
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rocks, and thereforat, should outlinehe most central part (the trough) of the Amazon
Basin. However, the gravity highs are flanked by gravity lows4&f + 20 mGal
coinciding with a thiker crust region, as reportdary Lloyd et al. 2010 (FigureVII-7).
The relatively high valuesf the Bouguer anomaly ithe region of thdasin indicate a
crustal thinning or thickening of the crust and/or upper mastiee the sediments
would contribute to lower the signal ¢fie Bougueranomaly(FigureVII-2). Thus, if
relatively high values of the Bouguanomalyare observed, there must be either a
shallower Moho or a crustal/upper mantle densificatiorbalance the negative signal
producedby the sedimentsThis is the situation observed in the Amazon basin region.
However there is dateralshift when wecomparethe position of the maximum Eho
thickness beneath the basind the position athe maximum Bouguer anomalli§ure
VII-5).

100 T T

we Seismological Moho
— Bouguer from Tesseroids correction i Moho

|
Shift thickness
< > < beneath
Amazon
Basin

maximum

—— Terrestrial Bouguer anomaly
— Bouguer from spherical harmonic axis -~

o

Bouguer anomaly [mGal]
Crustal Thickness [km]

Distance (km)

FigureVII-5: Profiles of the Bouguer anomalies presenteBigure VIl -3 in comparison with

the modelearusal thickness.

The Figure VII-6(a) shows the gravity disturban@alculatedby the GOCE satellite
only model (Pail et al. 20)1p todegree and order 250, ande can see, for example
that the gravity disturbangarovidesa more detailed map, bthe delineated features
are similar to those found in thegravity anomalymaps (Figure VIl-4d), since the

magniude ofthe gravity disturlanceis directly related to the disturbing potentiahd



in turn, the gravity anomaly can be expressed as a linear combin&tioa disturbing

potential and its normal derivative (Heiskanen & Moritz, 1967).

The mapsshowingthe component®f the deflection of the verticalHigure VII-6b and

c) presenthe northsouth and eastest variations resulting from legbgeneities within

the Earth. As seen in previous maps, the sediment thickness in the Solimbes and
Amazon Basin is characterized by these componentese quantities appeanore

neatly inthe region of théParnaibaBasin, identifying, for instanceijn the meridian
componentthe eastvest variations thamark the sedimentary rocksf éghe Parnaiba
Basin. As well, we can alsdind tectonic structures such as the Vilhena Arch and
gravity anomalies inParecisBasin caused by sedimentary rockieposite during

Cretaceous.

Some authors (Bizzi et al., 2004) haastulated the division of the Parnaibasi into
four subbasins (Parnaiba, Alpercatas, Grajal and Esgiigsire basins)that
originated from successive basins/cycles, but this subjechatilbe investigated in the

present work.

10¢



[mGal)

40
30
20
10

-10
-20
-30
-40
-50

-70

Arc sec
20
18

) &&Lhow&mmss:a

FigureVII-6: (a) Gravity disturbangeDeflection of the vertical componentf) the meridian
east/ west (d) components amnd h (Déatgobthitee from
GO_CONS_GCF_2_TIM_RBodel (Pail et al., 2011)

The crustal thickness valuegmederived by Lloyd et al. (2010) from receiver functions
(RF) from 20 temporary broadband seismic stations deployed dbeosastern Brazil,
including teleseismic and some regional evémasprovidedthe earthquakdata forthe
RF analysisThis study has suggested thlhé Moho depth andhe Moho relief vary
slightly with the age within the Precambrian cruandhas also revealed an anomalous
deep Moho beneath the oldest core of the Amazonian Craton.

These resultabout the variations in deptf the crust/mantle boundafioho) show
the consistency of the gravity lownd the othervalues already obtained with
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seismological stations within the study area. The result can be interpretéte by
presence of thinner crust towards the north of the study area, albeit the absence of
more stations irthe northern part othe craton does not permit the conclusion of the
existenceof a posible crustal thinning, and even if it exisitsis not evident whethat
follows to thenorth direction ostaysjust undettheintracratonic basinNote that Moho
depththicknesalong a NWSE trend (exactly as the direction of the profile AA', which

is centerecdbn this anomaly) going througthe shields and the Amazon basin, which
covered an area coincidirtg the portions of the Central Amazonian and Ventuari
Tapajos Provinces.

According to Lloyd et al. (2010), th¥p/Vs ratio is smaller inthe eastern part,
suggesting a differentiated lower crust of the central part of the Amazon Craton. Or
rather,the Moho anomaly is weaker in the Amazon Basin compared to adjacent shields.
The crustal thickness ¢fie Amazon Craton is greater than 50 km towards the east of
the Guyana shield increasing continuously through the Amazon Basin \it@in
Central Brazilshield,anda high density in the lower crust or upper mamilest be

taken into account.

Indeed, the northern region of Brazil has deficiency abofgrmation on crustal
thickness (Moho depth) and Poisson's ratio (Vp/Vs). Such information is of great
importance for characterizing the area and furtbeassist in théemprovement of the

calculatedmodels for the region.

The Amazon and Solimdes basins follow tixgesof deep basinwith the presence &

linear gravity high that can reach +50 mGHhe explanation giveby Nunn & Aires

(1988 for this signalis asupposed rift aborted belatlie basin Currently, it is known
thatthe rifts below the Amazon, Solimées and Parnaiba Paleozoic interior basins have
in their sediments intgionsof diabase sills and dykes, mainly in the form of sills,nin a
event known as Penatecaua Episode during late Triassic to early Jurassic (Wanderley
Filho et & 2006).

The geoid height inthe Parnaiba Basin reveals a lasgmaleresidual variationbut it
does not show a clear correlation with the batself. In contrast a correlationis

observedn the Amazon basirfFigureVII -4).

The geoid undulationd={gure VIl -4a) for the basins show greater variabilitytleven
with thegood correlatiorfound within the basins by Braitenbegy Ebbing (2007), the
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topographiceffect,the sedimentary loads, and theghidensity in the lower crust and/or
upper mantle appear to contribute to this variability in the gemdature of these

structures

[mGal]

FigureVII-7: (a) Moho depth map (crustal thickness) in the Solimdes, Amazonas

(from Lloyd et al.2010) and the (b) gravity anomaly from it.

Indeed, wehavefound a pronounced low ithe residual geoidn the basins studieih
this work as shown ifFigureVII -4c, thatdisplays a clear correlatiobetween the geoid
signature andhe area ofyreatest crustal thicknesBigure VII-7), coinciding with the
TapajésParima and Central Amazon provindasthe Amazon Craton (purple dashed
line in the figurg, as proposeftom a geochronological model (Bizzi et al., 2004, see
Figurell-3).

In FigureVII-8 andFigureVII-9 we presenall thefive independent component$ the
gravity gradient tensaused in the interpretation proceaskarth's surface and satellite
height respectively The combinations of thee gravity gradientare used taalculate
theanomalous signature invarignshown inFigureVII -10.

The rates of change of each gravity component in relatitimetohangein the position

in the three coordinate directions were also obtainedcdlgulating thesecond
derivative of tle gravty disturbance component obtained from the
GO_CONS_GCF_2_TIM_RBodel(Pail et al. 2011).
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Figure VII-8  Gravity tensor components from GOCE osbtellte from
GO_CONS_GCF_2 _TIM_R3 (Pail et al. 2011). The Txy and dgmponents were despicte
together with the major structures of the basin (black libaja CPRM (Bizzi et al. 2004).
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FigureVIl-9: Gravity tensor components from GO@E250 km satellite height
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Figure VII-10: (a) Amplitude of the horizontal gradient; (b) Amplitude of the t«
gradient or analytic signal dt; and (c) The differential curvature from data obtaine
Figure VII-8. (d), (e) and (f)are the same previous definitions however for the G(
satelliteheightat 250 km

Figure VII -8 shows that the gradient tensor components hag®od correlation with
the structurepresent in theurface as indicated by the geological studies of the region
However,as wedon't havesignificantinformationabout thesubsurface geology, it is
quite difficultto analyze the data frotheindividual componerstof the gravity gradient
tensor, but the combinatioof the gradient components invariants quantitiegalso
controversy, the inavariants arecontesed and taken as filtersmay bring an

improvanentto the interpredtion of the gravity tensor datdigure VII-10). Already,


































































