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ABSTRACT 

Th i s the s i s de s c r i be s the g r a v i t y i n t e r p r e t a t i on of Bah i a 
State, Brazil,which comprises the northern Sao Francisco craton, 
the Upper Proterozoic fold belts and the basins adjacent to the 
continental margin. l~e study centres on the isostatic analysis 
of the region and on the interpretation of large and high 
amp I i tude neg a t i v e an oma 1 i e s wh i c h o c c u r o v e r the P r e c amb r i an 
and the sedimentary basins. 

Th e i s o s t a t i c an a I y s i s o f t h e n o rt h e r n Sa o F r an c i s c o c r a t on 
wa s c a r r i e d o u t u s i n g t h e i s o s t a t i c r e s p on s e fun c t i on t e c h n i q u e . 
Taking into account subsurface loads, an elastic plate with a 
m 1 n 1 mwn e ff e c t i v e t h i c k n e s s o f 2 0 - 4 0 km e x p 1 a i n s t h e o b s e r v e d 
isostatic response function. The subsurface loads are (1) a 
s I i 1.' h t t h i c k e n i n g o f t h e c r u s t u n d e r t h e E s p i n h a ~ o F o I d S y s t em 
and~(2) five to ten kilometres of low densi tv rocks in the upper 
crust. 

A large and high amplitude (-50 rrGal) negative anomaly of 
shallaw origin, centred near the western border of the Paramirim 
complex and parallel to the Espinha~o fold belt, is interpreted 
as caused by a large and mainly unexposed granite batholith. 
The granite substantially underlies the fold belt and extends 
towards the centre of the Paramirim complex. The minimwn 
density contrast bebNeen the granite and the country rocks is 
estimated to be -0.06 g cm·3

. The thickness of the granite is 8 
to 13 km for density contrasts of -0.15 g cm"3 to -0.10 g cm"3

. 

A series of high amplitude negative anomalies (50 to tOO 
rrGal), wi.thout flanking positive anomalies, characterizes the 
onshore Reconcavo, Tucano and Jatoba basins, which were all 
formed in connection with the South Atlantic opening. The 
g r a v i t y i n t e r p r e t a t i on i n d i c a t e s u p t o 7 km o f s e d i me n t s 
infilling these basins and no significant Moho upwarp beneath. 
In contrast, the gravity anomalies over the offshore Jacuipe and 
Sergipe-Aiagoas basins are explained by a thick accwnulation of 
sediments on a strongly attenuated crust. The onshore basins 
show short-lived subsidence ( < 25 Ma) with little, if any 
thermal subsidence. Syn-rift and post-rift (thermal·) 
sedimentation is observed onlv in the continental margin basins. 
A mechanism 1n \Vhich upper crustal extension in one region 
(onshore basins) IS compensated and balanced against lawer 
extension in another region (offshore basins), through a 
d e t a c hme n t f a u I t , rna y e x p 1 a i n t h e way t h e s e b a s i n s f o rme d . 
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(J L'\PTFJ< 

I n t r 0d u c t I on 

Bahia State. Bra z i I c omp r I s e s an <~ r e <1 u f a p p r ox i ma t e 1 y 

677,600 km
2 

, be tv.een 1 at i tude 8° <~ nd I 4 ° S and 1 . d .~8° ongitU e c' 

<~ n d 4 6 ° \V. Th i s S t a t e i n c I u J e s <~ I mo s t <~ I 1 of t he no r the r n Sao 

Francisco craton, part of the surrounding fold belts and the 

onshore Mesozoic to Tertiary sedimentary basins adjacent to the 

South Atlantic continental margin. 

Within the Brazilian territory, Bahia State is the region 

w i t h t h e I a r g e s t amo u n t o f g e o 1 o g i c a I i n f 0 rma t i 0 n , \Vh i C h h a s 

resulted from an intensive program of mineral exploration in its 

Precillnbrian terrain and oi 1 exploration In the onshore and 

offshore basins. Howe v e r . i n s p i t e of a s y s t ema t i c pro g ram of 

r ad i orne t r i c d a t i n g ( B r i t o \ e v e " e t a I . . 1980) In order to 

understand the complex Archean and Proterozoic histories of the 

northern Sao Francisco craton, the dens in or geological 

infom1ation for most of the region is still of reconnaissance 

tvpe. The most recent account of lbhia State getllogy ( lnda and 

Barbosa, 1978) is mainly based on 1:250,000 scale surveys. 

Apart from the present study, there has not been a previous 

interpretational geophysical study in the northern Sio Francisco 



c r ;Jt t 1 n . (j r a ' i t ,. a n d s e 1 sm1 c ~ t u d 1 e ~ <t r e re~tr1cted 

southern part of the San Francisco craton. An unreversed 

· 1··1 l 17°·1Q0 S' and 42°·44°W. s e 1 sm 1 c p r o 1 e . ) e twe e n I o c a t e d t h e Mo h o 

at about 42 km (liJese and Schutte. 1975). This profile runs 

across the southeastern houndarv of the S5o Francisco craton, 

near the south end of the Lspinh<JC,0 fold belt. Blitzkow eta!. 

( I 9 7 8 ) i n t e r p r e t e d a I a r g e a n d h 1 g h <t111p I i t u d e n e g a t i v e g r a v i t y 

anomalv. Ill the same region. as caused hv a relative crustal 

th1d.ening of about 5 km across the fold bel 1. A gravi tv study 

in the southern S5o francisco craton and across its southern and 

southwestern borders was carried out by Lesquer et a!. (1981). 

The objective of their study was to define the boundaries of the 

c r a t on wh i c h a r e p a r t i a I I y cove red by the me t a s e d i men t s of the 

marginal f o I d be I t s . They a I so e s t ima ted the t h i c k ness of the 

Lpper Proterozoic pelitic·calcareous sequence which covers the 

interior of the craton. 

Th e p r e s e n t r e s e a r c h p r uj e c t a i ms t n i n t e r p r e t the gravity 

data obtained by Gomes and \1otta (JY781 in the northern Sao 

Francisco craton and the gra\i IV data of the eastern coast of 

Bahia State. provided bv PETROBRAS (Brazilian Oil Company). 

A Bouguer anomaly map of Bahia State \>vas published hv \1otta 

e t a 1. (1981) using a Bouguer density of 2.60 g •3 
em In the 

present study. density measurements on crystal! ine rocks of the 

Precambrian basement of Bahia State yielded an average density 

·3 
of 2.71 gem . which is characteristic of a granodioritic 

2 



r a the r t l1 <1 n g ran 1 t 1 L' up p e r c r us t. .-'\ n e\\ Hu u g u e r an omLI l v map \\as 

coo~ituLleJ us1ng a more appropriate density i n t he Bo u g u e r 

correct ion. The results together With a geological account of 

B~l h j a S t a t e ~! r e p r c ~.;en t e d i n (~hap t e r 2 . 

The interpretation of· the gravi tv data of Bahia State is 

subdivided into three parts. 

I . I The I so s t a t i c An a I y s i s of t he \ o r t he r n Sao Franc i s c o C r a ton . 

In Chapter 3, the isostatic analysis of the northern S5o 

Francisco craton using the isostatic response function technique 

( Do rma n a n d Lew i s , 1 9 7 0 ) i s d i s c u s s e d . 

In recent 'iears, an ad\ance in understanding the thermal and 

mechanical properties or the ocean1c and continental 

1 i thospheres has been obtained bv studving hov; the lithosphere 

responds to geological time scale loads (Forsvth, 1979; J..;irbv, 

1983: 

1983). 

ocean1c 

Mci\iutt, 1980; Watts et al., 1982: J..;arner and Watts, 1982. 

Flexural and isostatic response function studies of 

reg1ons assun11ng an elastic plate rheologY proved to be 

ad e qua t e 1 n ex p I a i n i n g t he g r a\ i t v and b a t h :vme t r i c f e a t u res . 

Studies 1 n c on t 1 n e n t a I a r e a s . \\ t1 i c h a r e g e n e r a I I v c h a r a c t e r i z e d 

by· complex geological h1stor\. have used both elastic and 

viscoelastic rheologies. l.ow flexural rigidities obtained for 

continental I i thosphere (Banks et al .. 1977: Mc\utt and Parker, 

1978), USing the isostatic response function technique, 

3 



<tpparentiY C(lntr;Jdtcted the inl'erence lr1llll rlce<l!liL. studies PI ;1n 

1 n c r e a s e o 1 1 1 e x u r a I r 1 g i d 1 t _v w i t h t h e t h e rma I a g e o r t h e p I a t e 

(\Va t t s , 1 9 7 8 ) . Because the continental It thosphere IS older. 

hi f1 h 0,. 
•• • b'''-- J r i g i d i t _-,- -v.·a -~ ex p e c ted . Vi SC()US relaxation of the 

continental lithosphere was then proposed hv \lc.\utt and Parker 

(1978) in order to expL11n the apparent lcm l'lexural rigidity of 

an old and stable continental lithosphere. !!owner. studies of 

lithospheric flexure on single tectonic features (Walcott. 1970: 

" a r n e r a n d \\'a t t s . 1 9 8 2 : 1 9 8 5 ) s h ow t h a t a n e I a s t 1 c p I a t e v. i t h 

relativelv high flexural rigidity explains the gravitv and 

g e omo r ph o I og i c a I features in s orne con t in en t a 1 regions. This 

suggests that the lithosphere IS capable of maintaining stress 

for periods of time longer than 10
9 

years Without necessarily 

undergoing viscous relaxation. An apparent inconsistency is 

the r e f o r e e v i den t be tv\·e en the f I ex u r a I rigiditY of the 

continental lithosphere obtained from flexural studies 

( " f o rvva r d " p r o b I em ) a n J the results obtained hv using the 

isostatic function t e c h n i 4 u e ( " i n v e r s e " p r o b I em ) . Possible 

reasons for o b t a i n i n g I ow f I ex u r a I rigidities In continental 

areas using the response function techni4ue were suggested by 

Forsvth (1985). Firstlv. in the studies of Banks et al. (1977) 

and \k\utt and Parker (1978). the observed topography was 

-;upposed to be the onlY load acting on the plate and i t s 

c omp ens a t i on wa s s i t u a t e d a t a s i n g I e depth a t the Moho . I f 

t h e r e a r e o t h e r s o u r c e s o f c omp e n s a t i on Vl.11 i c h a r e n o t t a k e n i n t o 

account In interpreting the observed isostatic response 

f u n c t i on , t h e e s t i rna t e d r i g i d i t y o f t h e p I a t e rna y be b i a s e d 

4 



t <l\\<1 rd ~ 

generall.v referred to as subsurface loads. Secondly. Forsyth 

( 1985) showed that the applic;1tion of the response function 

l e c h n i 4 u e l o con t i n en t a I WI de a rea s rna v be b i as e d towards low 

flexural rigid1tv because different provinces with variable 

t o p o g r a ph i c s i g n a 1 s a r e a v e r a g e d t o g e t h e r . Th i s p r o c e s s f a v o u r s 

pro v i n c e s of h i g he r t o p o g rap h y \\11 1 c h gene r a I l y a r e s i t u a t e d o v e r 

weaker plate. 

ln Chapter J, the isostatic response function technique is 

applied to a single tectonic province, the Sio Francisco craton, 

taking into account the existence of subsurface loads as 

suggested by Forsyth (1985). It is shown that this technique 

can give useful infom1ation on the compensation mechanism. 

1.2 The Gravity Study of the ParamirimComplex Granite. 

Follo\ving the isostatiC analysis, a gravitv studv of a large 

a n d h 1 g h amp I i t u d e ( - 50 rrG a 1 l n e g a t i v e g r a v i t v a n oma 1 v s i t u a t e d 

1n the centre or the northern Sfio francisco craton \\~s carried 

out (Chapter 4 l . l.o c a I neg a t 1 v e g r a v 1 t y an oma l i e s a r e genera I ly 

Jscribed to low densit.v granites or sedimentary basins. 

I lowe\ e r . i n the pre s en t c a s e . t he r e i s no d i r e c t indication or 

the possible 

Bv combining 

aeromagnetic 

source of the observed negative gravity anomaly. 

the available geological information with the 

data and density measurements together with 

q u a n t i t a t i \' e t e c h n i q u e s o f g r a v i t y i n t e r p r e t a t i on s u c h a s t h e 

5 



ma\ill1Wll depth rule of grJVJt;tttng budtes (Bott and Smith. 1958). 

the source of t h i s an om a I v wa s Investigated. The gravity 

Jnomalv I S sttuated along the Espinhaso fold belt of Middle 

Pro i e r u 1.u 1 c age t o the e a s t and 1 t ex t end s we s twa r d s t owa r d s t he 

c en t r e of the P a rami r i m c omp 1 e \ . The mo s t 1 :.· l i k e l y sou r c e of 

t h i s 1 a r g e and h i g h amp I i tude neg a t i v e an oma 1 .v 1 s 1 ovv d e n s i t :v 

granite. This seems to be another of manv common cases of 

granite batholith associated with orogenY. (] r a v i tv me t hod I S 

useful tn findtng <tnd mapptng granitic bodies \\i1ich are not 

exposed on the surface lRott et al., 1958; Bott, 1967). In 

spite of the ambiguit~; of the gravity method, it is possible to 

obtain useful structural i n f o m1a t i o n o f g r a n i t i c bod i e s b .v 

plactng hounds on density and depth of gravitating bodies (Bott 

and Smithson, 1967). The subsurface shape of the granitic body 

obtained from the gravi tv• model! ing provides, to a first 

approximation. the structural relationship between the emplaced 

g r a n i t e a n d t h e d e f o rma t i on o f t h e f o 1 d be 1 t . 

1.3 Gravity and Stratigraphic Studies of the \<tesozoic-Tertiary 
Basins. 

Ch a p t e r 5 d e a 1 s w i t h t he i n t e g r a t e d g r a v i t .v and s t r a t i g r a ph i c 

studtes of the nnsht)re Reconcavu. Tucano . .latoba and offshore 

Sergtpe-Alagoas basins. wi1ich v>..ere formed in connection with the 

South Atlantic opening. 

6 



Th e o n s h o r e I{ e c o n c :t \ 1' . I" u c a n o ; ' n d J a t o b <t basln'i. \\hich :tre 

from tile continental marg1n b:--; a segment of 

P r e c amb r i an t e r r a i n . a r e a l i c h a r a c t e r i 1 e d b v h i g h amp l i t u d e 

negative ')" ·•--.---· I ; "',.. 
U.JI\.JlliU. 1 1 C::) 

( Cl\ 
\ ....)\I L u i i 0 n(j a i ) . S u c h n e g a t i v e a n oma l 1 e s 

are usuallv ascrJbed to low density seuiments. The absence of 

p o s i t i v e g r a v 1 t v a n oma l i e s f l a n k i n g t h e sides of the basins 

s u g g e s t s a f l a t \lp h o r o po g r a ph v bene a t h these basins. The 

stratigraphv of the onshore basins indicates a short lived 

subs i den c e or I e s s t han 2 5 \Ia wh i c h \Vas sync h ron o us w i t h t he 

rift phase of the South Atlantic opening lCpper Jurassic to 

Aptian). The Jacuipe and Sergipe-Alagoas continental margin 

basins are situated upon a stronglv attenuated crust and contain 

both the syn and post-rift seuimentation. 

It is now of general consensus (see review by Scrutton,1982; 

Bally, 1981) that continental rifted margins initiate and evolve 

according to the mechanism proposed by Artemjev and Artyushkov 

(1971) and \kJ..:ent.ie (1978). L i t h o s ph e r i c e x t e n s i on . a c c omp a n i e d 

WIth crustal a t t en u a t i on . no rma I r au l t i n g i n t he b r i t t I e up p e r 

c r u s t a n d d u c t i I e d e f o rma t i on o f t h e I owe r c r u s t . characterizes 

the in i t i a l subsidence. Th e amo u n t o f e x t e n s i on c on t r o I s t h e 

amount of heat input into the thinned I ithosphere. At the 

cessati1m of the extensional regime. following the onset of the 

sea floor spreading. the lithosphere cools and contracts 

initiating the stage of thermal subsidence of the margins, which 

decreases exponentially with time. \\hilst this model accounts 

reasonably well with the thermal subsidence during the drifting 

7 



s L1 g e . t h e r e a r e s t 1 I I ~ lll1lt' c nm p I e \ features related tu the 

r1lt1ng stage whHh are not pred1cted h\· the simple extensional 

mode 1 (Bot t . 1982; 1\.een. 1982). The amo u n t or ex t ens i on 

est imu ted r r o1n r ~ cons t r u c t 1 on o I fa u 1 t s 1 n the up p e r c r u s t ( l)e 

Char pa 1 e t a 1 . 1978) and backstripping of the sediments to 

e <; t 1ma t e the rift phase and t h e m1a 1 subs i d en c e s ( R o :v d en and 

1--een. 1980) appe;ns tube incompatible with the estimated amount 

o f 1 owe r c r u s t a t t e n u a t 1 on hen e a t h t h e r i f t e d a r e a . Th e r e f o r e . 

i t i s n () t r u I I y u n de r q u od h ()\\ the r i r t i n g p r ll Less leading to 

lithospheric failure actually occurs. Because the onshore 

Reconcavo, Tucano and Jatoba basins were entirely formed during 

the r i f t i n g ph a s e of t he Sou t h At I an t i c . a c omp a r a t i v e s t u d y of 

the evolution of these onshore basins with the adjacent 

continental margin, complemented with deep crustal information 

inferred from gravity data, may provide new evidence on the 

mechanism of continental rifting. There IS an intimate 

connection between the evolution of these onshore basins with 

the rift phase or the South Atlantic opening. However, when the 

drifting stage initiated the onshore basins stopped subsiding 

and the con t i n en t a 1 ma r g i n b a s i n s \Ve n t i n t o the the rma 1 s t age . 

An e x t e n s i on a 1 p roc e s s i n t h e I i n e s o f We r n i c k e ' s " s imp 1 e s h e a r " 

m0de I. In v..'hich upper crustal extension en one region IS 

c u nne c t e d and h a 1 anced a g a i n s t I owe r I i tho s ph e r i c ex t ens 1 on I n 

a n o t h e r r e g 1 on , rna :v e x p 1 a i n t h e wa :v t h e B r a z i I i an on s h o r e a n d 

offshore basins and their complementary African basins formed 

during the rifting stage. 

8 



(l 

Gravity Datu unu Geoiogy of Bahia State 

2 . 1 G r a v i t y Da t a 

2.1.1 Data Acquisition 

The gravity data of Bahia State were obtained by two 

Brazilian organizations. During the years of 1977 and 1978, the 

Brazilian Mineral Production Department (DNP.vt/CPRM) carried out 

the first regional gravity survey, comprising 2084 gravity 

stations, which covered almost of all of Bahia State and its 

Precambrian terrain. A complete description of the development 

of this project and the I isting of the acquired data are 

reported in Gomes and Motta (1978). 

Of t h e s t a t i on s , 54 8 a r e I o c a t e d a t be n c h rna r k s . 3 8 7 had t h e 

altitude determined by using barometers and the altitudes and 

coordinates of the remaining 1023 stations were obtained from 

contours on the 1:100,000 and 1:250,000 scale topographic maps. 

In order to avoid large errors, the sites of the stations, which 

had the altitude determined using barometers and topographic 

contours, were carefully chosen to be located in regions of 
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smnoth topographv and easy recognit1on 1n the field. The 

a! t1 tudes obtained from contours on 1:250,000 scale maps have an 

estimated error of '!20 metres, whereas the error 1 s about '! 5 

metres for altitudes detennined by using barometers. The 

estimated error of heights at bench marks ts I ess than one 

metre. 

The eastern part of Bahia State, along the Atlantic coast, 

was surveyed by the Brazi I ian oi 1 company (PETROBRI\S) during the 

1960's. The gravity survey covered the Cenozoic-Mesozoic 

sedimentary basins with an average spacing of 500 metres between 

the stations. 2470 stations from the survey, with an average 

distance of one kilrnnetre, were provided for the present study. 

The coordinates and altitudes are accurately kncrwn to a few 

cent ime t res . 

Fig. 2.1 shows the distribution of the gravity stations of 

Bahia State. l t a 1 s o i n c I u d e s s orne s t a t i on s o f t h e n e i g h b o u r i n g 

States of Minas Gerais in the south and Sergipe and Alagoas tn 

the northeast. 

2 . 1 . 2 Data Reduct ion 

All the gravity values are referenced to the International 

Gravity System Network 1971. The survey carried out by the 

DN~Brazi I and by PEJROBRAS, are both related to the same 

10 
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I c; Si\- 7 1 h a s e s t a t i on named Ca r a\ e I <J s situated at Caravel as 

city. shown in Fig. 2.1. 

Th e a r e a c o v e r e d by t h e s e two g r a v 1 t y s u r v e y s e x t e n d s I r om 

8°S to 18° S. The latitude correction \vas carried out using 

t h e 1 9 6 7 I n t e r n a t i on a I G r a v i t y F o m1u I a . The accuracy 1n the 

latitude of t h e s t a t i on s v a r i e s f r om a f ew c en t i me t r e s t o two 

hun d r e d me t r e s . Th e r e f o r e , a rna x i mW11 e r r o r of + 0. 07 rrfia 1 l s 

e s t i rna t e d f o r t h e I a t i t u d e c o r r e c t i on . 

The free-air correction was calculated using a vertical 

gradient of -0.3086 rrfia I -1 
The main of in Ill source error 

evaluating the gravity reduction I S the uncertainty tn the 

altitude. The error in the combined elevation correction can be 

as much as ~ 3 rrGa I for stations ~ich had the altitude 

determined from contours on the 1:250,000 scale maps. \\lhilst 

the error due to the uncertainty in the altitude is regarded as 

random. an incorrect choice of the density value in the Bouguer 

correction introduces a systematic error. In regions of 

significant topographic variation, a correlation between Bouguer 

a n om a I i e s a n d s h o rt wa v e I e n g t h t o p o g r a ph i c f e a t u r e s rna y be 

observed. The average altitude of Bahia State is about 800 

metres. An error of ~0.05 
·3 

gem 111 

introduces a systematic error of !1.7 rrGal. 

the Bouguer density 

A Bouguer anomaly map of Bahia State has previously been 

published by Gomes and Motta (1978) and by Motta et al. (1981). 

11 
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·3 2.60 g em \Vas assLU11ed as the density for the Bouguer 

correction. Because this value s e erne d too I ow t o be 

representative of the Precambrian terrain of Bahia State, 

density measurernenLs on i58 crystaiiine rock samples of Bahia 

S t a t e b a s erne n t we r e c a r r i e d o u t by L s sam i and Pad i I h a ( 1 9 8 2 ) I n 

order to obtain a more appropriate density value for the Bouguer 

r e d u c t i on . Th e d e s c r i p t i o n o f t h e r o c k s s amp I e s a n d t h e r e s u 1 t s 

of the measurements are presented in Appendix A. 

The density measurements were made on dry rocks, disregarding 

the effects of porosity, ~ich 1s expected to be negligible in 

igneous and metamorphic rocks. The samples were weighed in the 

air and 

formula: 

~ere 

In water, and the density was obtained using the 

M, rna s s i n t h e a i r ( i n g rams ) 

\1 2 rna s s i n wa t e r ( i n g r arns ) 

·3 
em 

Th e e s t i rna t e d a c c u r a c y i n t h e d e n s i t y me a s u r erne n t s I s ~ 0 . 0 2 g 

·3 em . The results are sumrrmrized In the histogram shawn 1n Fig. 

2.2(a), for different types of rocks. A weighted average (see 

12 
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Appendix AJ \>..as calculated from the histogram of J:ig. 2.2(bl. 

asstUning the high density rocks(·. 2.85 g cm' 3
) constitute 5% of 

the to t a I compos i t i on of the up p e r c r u s t . 

0 -0 

>­u 
z 
w 
=> 
0 
w 
a: 
~ 

20 

No. of samples: 158 

2.80 2.70 2.80 2.90oensity ( g/cm3 

Fig. 2.2b- Histogram of density measurements on 

crystalline rocks of Bahia State. 

The result of this calculation .vielded an average density of 

2. 71 ! 0. 06 g •3 em A similar result has been reported by Gibbs 

(1968) for the Canadian Shield. This value characterizes an 

upper crust of granodioritic to dioritic composition. 
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A Bouguer Jensi tv of 2.67 g cni 3 was therefore assumed. since 

this v;due IS closer to the one obtained for the Precambrian 

terrain of Bahia State and it is also the most c omno n I y u s e c1 

den~ity fur Bouguer correction over large continental areas. 

The Bouguer anomalies were calculated with an accuracy of 

!0.1 nGal r o r s t a t i on s s i t u a t e d a t b e n c h rna r k s . The same 

accuracy is estimated for stations located over the sedimentary 

basins. An e r r o r o f ! 1 rrG a I i s e s t i rna t e d f o r s t a t i on s i n wh i c h 

the altitude was measured using barometers and 1:100,000 scale 

topographic maps. The stations which had the altitude obtained 

from 1:250,000 topographic maps have an error of about !3 mGal. 

Terrain corrections were calculated by Motta et al. (1981), 

using the Hillllner's table up to 15 ~ from the station, tn 

regtons of rough topography. The maximum terrain correction 

does not exceed 3 mGal. The accuracy of these corrections has 

not been reported but it ts probably about 10%. 

To swnnarize, the maximwn random error In the Bouguer 

a n om a I i e s i s 3 rrG a I f o r s t a t i on s wh e r e t h e h e i g h t s we r e o b t a i n e d 

from contours of 1:250,000 scale maps. The maximwn systematic 

error does not exceed 2 ni1al. 
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2 . 1 . 3 The r r e e - a 1 r an J Ho u g u e r An om a I v Maps 

In order to obtain the free-air and Bouguer anomaly maps, it 

was necessary to have the data points distributed on a regular 

grid. 

Due to the large extent of the area covered by the present 

gravity survey, the s t a t 1 on s we r e i n i t i a I I y pro j e c t e d on to a 

plane by transforming the geocentric coordinates into conical 

coordinates, us1ng the Lambert conical projection with standard 

parallel at 13° S. The chosen projection made it possible to 

compare directly the gravity map with the available geological 

maps of Bahia State. The Lmnbert conical projection computer 

progrmn is listed in Appendix Band the mathematical formulae 

for the projection were obtained from Richardus and Adler 

(1972). 

The irregularly distributed 

regular grid of 20 km X 20 

data 

km ' 

were 

using 

interpolated en a 

a two dimensional 

interpolation routine provided by the GPC'P (General Purpose 

Contouring Package, 1973). The algorithm is based on the local 

least squares polynomial approximation, in which the point to be 

interpolated 1s determined by fitting a local smooth surface. 

·n1e surface coefficients are calculated based on the 

neighbouring data points situated within a region defined by a 

circle of radius Rand centred in the point to be interpolated. 

A weighting function, with maximum value of one at its origin 

15 
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and zero at the Clrcun!'erence of radius R. IS also defined Jnd 

applied to the neighbouring data points, prior to calculating 

the coefficients of the local least square polynomial. In this 

particular .:tppiicallon, the rad1us !{was chosen to include 

sixteen data points, which resulted from the combination of two 

factors. Firstly, t h e ave r a g e d 1 s t a n c e be twe en t h e g r a v i t y 

s t a t i on s ( 1 5 - 2 0 km) and s e c on d I y t h e " smo o t h n e s s " o f t h e d e s i r e d 

i n t e r po I a t e d surra c e . Th i s g u a rant e e d that no short wave I eng t h 

a n om a I v wa s c r e a t e d 1 n r e g i on s o f p o o r d a t a c o v e r a g e a n d wh e r e 

the coverage was good, a more accurate estimate was obtained. 

The GPCP computer progrilln control camrrmnds used to produce the 

maps are listed 1n Appendix B and the free-air and Bouguer 

anomaly maps are shov.n 1n Figs. 2.3 and 2.4, with contour 

interval of 20 mGal and Bouguer density of 2.67 g 

2.2 Geology of Bahia State 

-3 
em 

The ma1n tectonic features of the Brazilian Platform (Fig. 

2.5), ~nich occupies the maJor part of the South American 

Platform, were formed by the beginning of the Phanerozoic on the 

tem1ination of the Proterozoic geosynclinal evolution (Almeida 

eta!., 1981). 

Th e A r c h e a n b a s erne n t o f t h e B r a z i 1 i an P 1 a t f o rm i s c amp o s e d o f 

me t illnO r ph i c r o c k s o f amp h i b o I i t e t o g r a n u 1 i t e f a c i e s , g r a n i t o i d s 
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a ml rna r i c - u I t ram a r i c c llrnp I e x e s . Th i s b a s erne n t wa s subs e que n t I y 

a f f e c Leu by 1 n tense magma t i sm, rn i gma t i z a t i on and h i g h grade 

metamorphism in the Lower Proterozoic. In Brazi I, the end of 

this P D~;~,-1 
"'. J vu i s -~'----·j 

I C: 1 C 1 J t:U iu as Lhe Transamazonian cycle wh1ch 

lasted from 2200 to 1800 Ma (Brito \ieves et al., 1980). 

During the Middle Proterozoic (1800- 1000 Ma), a dominantly 

continental sedimentation occurred v.hich was accompanied by acid 

and i n t e m1e d i a t e v o I c a n i sm . Th e s e d i me n t s we r e t he n de f o rme d 

and metamorphosed (greenschist facies) during the last stage of 

this cycle (Espinha~o orogeny). 

The Upper Proterozoic is characterized by the evolution of 

the fold belts which surround the cratonic nuclei and by the 

development of the sedimentary covers within the cratons. The 

sedimentation was initiated at about 1000 Ma and deformation and 

me t amo r ph i sm (greenschist facies) occurred during the 

tectono-magmatic events of the Brasiliano cycle (ca. 500 Ma). 

Bahia State comprises almost all of the northern part of the 

Siio Francisco craton (Almeida, 1977) and part of the marginal 

fold belts. lne location of the Sao Francisco craton, in 

relation to others Brazilian tectonic provinces, is shown 1n 

Fig. 2. 5. 

According to the definition of Almeida (1977), the Sao 

Francisco craton extends from the latitude 9°S to 20° S, with 

17 
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its borders L'ilfl\entionallv situated at the fold belts or 

Brasiliano age (ca. 500 Ma) and at the Atlantic continental 

margin on the eastern side. 

The craton acted as a foreland during the geosynclinal 

evolution of the marginal fold belts in the Upper Proterozoic 

(Fig. 2.6). The basement is composed of granitic and gne1ss1c 

complexes. highly migmatized and metamorphosed (high amphibolite 

t o g r a n u 1 i t e r a c i e s ) , a n d i t i s s t r u c t u r a I I y v e r y c omp 1 e x . By 

the end of the Transamazonian cycle, the basement was completely 

formed and it was only affected by paratectonic deformation In 

the Middle Proterozoic. 

The basement cover is subdivided into two ma1n complexes, 

separated by an angular unconformity. The older complex is 

Middle Proterozoic and it belongs to the Espinhac.o orogenic 

cycle (1800 to 1300 Ma). The sedimentation IS essentially 

clastic, psamnitic and pelitic, with thickness of at least 3000 

metres in the central part of the northern Sao Francisco craton. 

The younger complex was deposited during the Brasi 1 iano cycle 

( 900 - 500 \ta). The basa I sequence is composed of remnants of 

glacial deposits, including ti I I i tes. An erosional period 

f o 1 1 owed the de p o s i t i on or t h i s sequence . The up p e r sequence i s 

the Bambui group, which covers nearly half of the Sao Francisco 

craton. I t is composed of pelitic and calcareous rocks, 

deposited 1n an epicontinental sea. This upper sequence is 

overlain by siltstones and sandstones with arkose intercalation 

18 
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wh1ch represents the molasse sedimentation following the 

Brasiliano orogeny (500 Ma). Near the western and northern 

borders of the craton, the Upper Proterozoic cover is deformed 

w i t h f o I d a x e s a n d I a u 1 t s p a r a i i e i i n g t h e b e l t s . Tow a r d s 1 h e 

centre of the craton, the degree of metamorphism decreases and 

the s e d i men t a r y sequences are nearly horizontal. A 

non-depositional phase followed until the Lower Cretaceous when 

sandstones (Areado Fm. ), volcanics (Mata da Corda Fm.) and 

aeolian and fluvial sandstones (Lrucuia Fm.) were deposited. 

Th e I a s t two s e q u e n c e s a r e be I i e v e d t o be s y n c h r on o u s a n d t h e y 

were deposited at 80 Ma ago (Hasui and Cordani, 1968). 

Fig. 2.7, modified from lnda et al. (1984) provides a more 

detailed account of the geology of the Sao Francisco craton, 

including the Archean and the Lower Proterozoic terrains. 

According to lnda and Barbosa (1978), Bahia State can be 

subdivided into seven geological regions (Fig. 2.8), based on 

geochronological, structural and petrogenetic information. Four 

of the regions, the SAo Francisco basin (II), the Espinha~o Fold 

System (III), the Len~ois basin (IV) and the Eastern Bahia 

Shield (V), are situated within the craton. The remaining 

regions (I, VI, VII) are the marginal fold belts of the Upper 

Proterozoic age. 
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I -Rio Prato fold System 
II -Sao francisco Basin 
Ill- Espinhoco fold System 
IV- Lencois Basin 
V- Eastern Bohia Shield 

VI - Sergipano fold System 
VII - Arocuai fold System 

fig. 2.8 -Bahia State and its geological 

subregions as defined by Inda and Barbosa (1978). 



The a r rows i n F i g . 2 . 8 rep res en t the v e r g en c e o I the f o I J be I t s . 

Th e i n t r a c r a t on i c r e g i on s , a p a r t r r om t h e E s p i n h a ~ o f o I d S :v s t em , 

were stabilized at the end of the Lower Proterozoic. The 

Archean basement presents widespread records uf Lrustal 

remobilization during the Transmnazonian cycle (1800 to 2200 

Ma). Tectonic quiescence prevailed after the end of the Lower 

Proterozoic, during the deposition of the sedinrentary cover In 

the regions II and IV. 

Hahia Shield (region V) 

The c rust a I stab i I i t y of the Eastern 

IS suggested by the lack of 

post-Transmnazonian radiometric ages. 

The g r a v i t y s u r v e y of Bah i a S t a t e doe s no t i n c l u de the 

western border of the Sao Francisco craton, the Brasilia fold 

belt (Fig. 2.6). This be J t 

miogeosyncl ina! character and 

extends into the Sao Francisco 

contains sedimentation of 

the molasse of the final stage 

basin (region II). The belt 

verges trywards the craton and the metmnorphism is of greenschist 

f a c i e s . Bu r k e e t a 1. ( 1 9 7 7 ) h a v e p r o p o s e d a s u t u r e z on e a I on g 

t he Bra s i I i a f o I d be J t 1 n an a t t emp t t o a p p l y t he Wi I s on c y c I e 

to the Proterozoic of the South America. 1-loweve r, this 

hypothesis has not yet been tested by the Brazilian geologists. 

A geological description of each of the regions, as defined 

by lnda and Barbosa (1978), 1s now given, starting with the 

intracratonic regions and follmNed by the marginal fold belts. 
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2 . 2 . 1 sa 0 Franc i s c \) Bas I n ( Reg i () n I I ) 

This region comprises the western part of the Sao Francisco 

craton. extending into the southern State of Mina~ Gerais. 

~~stern border is situated 1n the Brasilia fold belt, the 

northern border is the Rio Preto Fold System and to the east the 

boundary is defined by a sequence of faults associated with the 

Espinhac,o Fold System. The basement of Archean age is composed 

of felsic and intermediate plutons, granites, metamorphic, 

volcanic-sedimentary, basic and ultrabasic rocks. The oldest 

sedimentary cover is Middle Proterozoic. 

The me t a sed ime n t s of t h i s M i d d I e Prot e r o z o i c sequence , the 

Espinhac,o Supergroup, are mostly greenschist facies clastic 

quartzites with I i t t I e de forma t ion , in contrast to the 

metasediments of similar age in the Espinha~o Fold System. The 

thickness and the distribution of this Middle Proterozoic 

s e q u en c e i n Bah i a S t a t e a r e no t known . In the south of Minas 

Gerais State, the thickness is as much as 4 km, thinning trywards 

the north. 

The Upper Proterozoic (900- 500 Ma) cover 1s the Sao 

Francisco Supergroup which lies unconformably over the Middle 

Proterozoic sequence. I t i s s u bd i v i d e d i n t o two rna j o r g roup s , 

the Macaubas and the Brunbui groups. 
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The Macauhas group extends from south of Bahta State, towards 

the Minas Gerais State. The glacial event which occurred during 

the Late Proterozoic, ts registered tn this sequence. The 

orientation of the area of deposition I S approxtmately 

north-south and it parallels the Arac,uai fold belt (Fig. 2.6). 

The east-west geographical extension has not yet been defined. 

According to Almeida (1977). the Macaubas group 1n Minas Gerais 

State represents geosyncl ina! sedimentation of highly 

diversified 1 i thofacies. It 1s composed of at least one 

k i i orne t re of pelites, sandstones, g reywake, arkoses, 

c on g I orne r a t e s , s u b o r d i n a t e I i me s t on e s a n d i t a b i r a t e s ( i r on 

f o rma t i on ) . Th e con g 1 orne r a t e s , c on g I orne r a t i c g r e )'Wa c k e s and 

tillites represent the remnant. of glacial deposition. The 

metamorphism of greenschist facies increases from west to east 

and it has been dated at 600 Ma. ·me contact between the 

Macau bas group and the overlain sediments IS s t i I I 

controversial. As swnnarized by lnda et al. (1984), this 

contact is either described as conformable with intem1ixing of 

the Macaubas and Bambui groups (Hettich, 1977) or as an angular 

unconformity (Dardenne and Walde, 1979). 

The Bambui group is composed of calcareous and pelitic rocks 

deposited in an epicontinental sea, reflecting the high 

stability of the craton at that time. The thickness of this 

sequence in Bahia State averages 500 metres but it reaches more 

than 1000 metres 1n Minas Gerais State (DNIM/CPRM Bambui 

Dri II ing Project, 1980). In Fig. 2.9, the lithostratigraphic 
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correlation ur the Bambui group in Baht~t and \1inas Gerais State 

i .:; p • c ;; c" < c J , iJ u s e u on we 1 1 s c omp 1 J e d t rom d i r r e r en t au t h or s 

( see I n d a e t a 1 . , 1 9 8 4 for r e f e r en c e ) . 111 e sed i men t a r y s e que n c e 

is subdivided into three megacycles of regresstve sedimentation 

after the glacial retreat. 111 e f i r s t two me g a c y c 1 e s a r e 

characterized by shaly-limy sediments and the third, the 

molasse, IS characterized by sandy-shaly sediments. Each of 

t he s e meg a c y c 1 e s s t a r t e d w i t h a reg i on a I t ran s g r e s s i on f o 1 1 owed 

by the development of sublittoral marine facies, becoming 

I ittoral to supra littoral, and eventually reaching, in some 

places, continental facies. 

Linear folding observed in the Upper Proterozoic sequences 

near the borders of the craton, is associated with the 

compression of the marginal fold belts. A section across the 

Arac,ua i fold belt IS presented 1n Fig. 2.10. The older 

sequences, the Espinhaso supergroup and the Macaubas group, are 

folded over the younger sequences of the Bambui group. In Bahia 

State, the Bambui group was only affected by the north-south 

compression of the Rio Preto Fold System. The low grade 

metamorphism which affected the Bambui group was dated at 600 Ma 

C.\rnaral and Kawashita, 1967) but the stromatolites of the 

c a I c a r e o u s s e q u e n c e s i n d i c a t e s a m i n i mum a g e f o r t h e be g i n n i n g 

of the sedimentation at 900 Ma (Cloud and Dardenne, 1968). 

The Phanerozoic sedimentation in the Sao Francisco basin 

began in the Lower Cretaceous, following the regional uplift of 
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the S\lllthern part or the Silo FranciSCO cratun. Th e s e d I me n t s 

a r e v i r t u a I l .v a b s en l i n t h e we s t e r n . s o u t hwe s t e r n and s o u the r n 

parts of the craton. Three units are recognized: Areado, Mata 

da Corda and Lrucu1a fum1a L i uns. 1~he .A.reado rorrna.tion, or - l- - ..• 
<.llJUU l 

200 metres of sandstone sequence. was deposited 1n an initial 

d e s e r t c on d i t i o n c h a n g i n g t o f I u v i a I - d e I t a i c . Th e a g e , b a s e d on 

fossil anal.vsis, IS considered to be Aptian -Albian (ca. 108 

\1a ) . The Mata da Corda formation has a thickness of 

approximately 150 metres. Hasui and Cordani (1968) dated the 

volcanics of this formation at 80 Ma. The area of outcrop 1s 

restricted to the south of the craton. The Urucuia formation IS 

essentially composed of sandstones and its thickness ranges from 

360 metres in Bahia State to 70 metres In Minas Gerais State. 

The enviromnent of deposition changed from aeolian In the south 

to fluvial in Bahia State. Lima and Leite (1978) have dated 

this formation as Albian-Cenomanian, therefore establishing a 

similar age to that of the Mata da Corda formation. The Lower 

Cretaceous sedimentation in the Sao Francisco basin appears to 

be synchronous with the rifting phase of the opening of the 

South Atlantic, 'Wtlich occurred further to the east. Thin 

continental alluvial detritic deposits and arenaceous rocks 

constitute the Tertiary and Quaternary sedimentation. The 

thickness is about 30-40 metres. 
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2.2.2 Lenc,oi-.; Basin (l~egion IV) 

Th e L e n c, o i s b a s i n 1 s s i t u a t e d a t t h e c e n t r e o f t h e n o r t h e r n 

Siic Francisco craton i.ind it incluJes neariy aii the eastern part 

of the physiographic reg1on named "chapada" (tableland) 

D i ama n t i n a . l~is triangular shaped region is bordered by the 

Espinhac,o fold belt to the west, the Eastern Bahia Shield to the 

east and the Riacho do Pontal Fold System to the north. A 

g eo I o g i c a I map of the reg i on 1 s s h ovvn 1 n 1: i g . 2 . l 1 . TI1 e 

no r t h e a s t e r n b a s eme n t i s o f A r c h e a n a g e ( 2 . 7 - 2 . 6 G a ) a n d i t wa s 

described by Jardim de Sa' et al. (1976a) as composed of 

migmatites, gneisses, granites and basic-ultrabasic rocks. The 

rocks present metamorphism of amphibolite facies. 

structures are very complex, with folding along different axial 

planes. At the southeast of the "chapada" Diamantina, the 

basement is dominantly composed of gneisses of granulite facies. 

The radiometric age ranges from 3.2 Ga (Cordani and lyer, 1979) 

to 2.7 Ga (Jardim de Sa' et al., 1976a ). The basement was 

extensively remobilized during the Transamazonian events (2.2 to 

1.8 Ga). Above this high grade basement, the Middle and Upper 

Proterozoic covers were deposited. As in the Sio Francisco 

basin, the Middle Proterozoic sequence Js the Espinhac,o 

Supergroup. Its thickness is estimated as 2-3 km. 

According to Montes et al. (1981), the Middle Proterozoic 

stratigraphical column of the Lenc,ois basin can be sunrnarized as 

shown 1n Fig. 2.12. Jardim de Sa (1981) discusses the two 
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Fig. 2.11- Geology of Lencois Basin. Modified from lnda et al. (1984). 
(1) Phanerozoic cover; (2) Upper Proterozoic cover ( S. Francisco 
Supergroup ); 
Middle Proterozoic cover: (3) Chapada Dirunantina group; 
(4) Paraguacu group: (5) Rio dos Remedios group; 
(6) Lower Proterozoic: volcano-sedimentary complexes; 
(7) Crystalline basement. 

Roman nwnbers are the sub-regions according to the 
definition of lnda and Barbosa (1978). 
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mode Is v.i11 ell have been propl1sed so r<lr. The 

LJI«L the three groups are separated by stratigraphical 

and structural unconformities and that only the upper Chapada 

!) ! ~una n t i n a tl r n 11 " b .. .__, .... I-' 1l' r<oT"DPr>..-. .. 
1 ,., Jll \... ."')\...11 L in the noJthtJSttJJI purl of the 

basin. lnda and Barbosa ( 1978) and lnda et al. (1984) i propose 

that the other t\vo groups were deposited only in the western 

border of the Len ~o i s basin . The second mode I (see references 

1 n J a rd im de 1981) does not recogn1ze a regional 

unconfom1ity, but only local movement of the basement during the 

sedimentation. Variations 1n the stratigraphy, at different 

parts of the basin, are ascribed to facies change. 

The following presentation of the stratigraphy of the Lenc;ois 

basin is based on lnda et al. (1984). The basal sequence is 

the Rio dos Remedios group, which is composed of acid volcanics, 

f I u v i a I q u a r t z i t e s a n d c on g I orne r a t e s . The g r o u p i s p a rt i c u I a r I y 

thick at t he we s t e rn " c hap ad a " D i am an t i n a wh i c h , a c c or d i n g t o 

the criteria adopted to subdivide Rahia State into geological 

r e g 1 on s , i s i n c I u d e d 1 n t h e E s p i n h a c, o F o I d s y s t em . 

The Paraguac;u group is composed of sandstones, argillaceous 

rocks, conglomerates. acid volcanics and basic intrusives 

related to the final phase of deposition. The thickness is 

about one kilometre in the centre of the basin thinning towards 

the north. Discordantly over this group the last sedimentation 

of the Middle Proterozoic, the Chapada Diarnantina group, was 

deposited which occurs at the north-northeastern part of the 
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l.en~:;uis basin. I t 1 s compose J or qua r t 1. i t e s . con g I ome r a t e s . 

SJJlUSLUl1eS. shaies and s11 tstones. I he depOSitiOn was 

t r a n s g r e s s i v e o v e r t h e P a r a g u a c; u g r o u p . ll1 e Ch a p a d a D i am a n t i n a 

',. 
'·' 

C' 11 hrl ; \ T ; rl o ~t 
,JUVo.,..a J \o 1 U\..U into '"---·'"-~ 1 V lliiU l I Vll ~. Tombador 

r 0 nna t ion 1 s e s sen t i a I I 'I composed of qua r t z i t e s w i t h amp I e 

facies variation and i t 1s deposited throughout the entire 

basin. The e s t i ma t e d t h i c k n e s s i s abo u t 3 00 me t r e s , t h i c ken i n g 

towards the west and southwest of the "chapada" Diamantina. The 

Caboclo formation, which 1s restricted to the central part of 

the "chapada", 1s essentially composed of siltstones and 

argillites with intercalations of oolitic cherts and limestones 

which indicates a shallowmarine condition. The thickness is 

about 700 metres. The Morro do Chapeu formation, in the central 

part of the "chapada", IS composed of fine to intermediate 

grained sandstones, changing I o c a 1 1 y to qua r t z i t e s w i t h we 1 1 

preserved primary structures. The sediments were deposited in a 

s h a 1 1 ow co a s t a I rna r i n e c on d i t i on w i t h sma I I t ran s g r e s s i on . The 

estimated thickness is about 350 metres. 

The structural features of the "chapada" Diamantina show 

d i f f e r en t c h a r a c t e r i s t i c s be twe en t he we s t e r n and e a s t e r n p a r t s . 

As d i s cussed in J a rd im de Sa e t a 1 . ( 1 9 7 6 a ) , t h e s e two r e g i on s 

are separated by \Jl\W trend faults. In the western "chapada", 

the metasediments are more deformed and verge towards the east. 

The sync) inoria are wei I developed and have open folds, whereas 

the anticlinoria have tightly folded core and they are often cut 

by west to east inverse faults. Further details regarding the 
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\l1 d d 1 e I' r c1 t e r o ;_ o i c J e r o m1a t i on a r e p r e s en t e d i n t he n ex t s e c t i on 

(2. 2. 3) 

The tectOniC stvie of the LenGuis basin I _ n 1 1 " \ 

~eastern cnapaua J 

1s relatively simple and it is characterized by long wavelength 

folds caused by the movement of the incompetent layers of shales 

and siltites over the quartzitic sequence, as suggested by 

Ma s c a r en h a s ( 1 9 7 3 ) . The me t <m1o r ph i sm i s a I mo s t non - ex i s t en t . 

The Lpper Proterozoic deposition is represented by the Una 

group, which 1s equivalent to the Bambui group of the Sao 

Francisco basin. The group lies discordantly over the Morro do 

Chapeu formation and shows very I ittle deformation. The basal 

sequence compr1ses the Bebedouro formation, which is composed of 

p a r a c on g 1 orne r a t e s i n t e r c a 1 a t e d w i t h s a n d s t on e s a n d s i 1 t s t on e s . 

The upper sequence, the Salitre formation, was deposited under 

very stable and shallow epicontinental sea. It is composed of 

dark limestones and dolomites. Its thickness 1s about 350 

metres. 

2.2.3 Espinha~o Fold System (Region III) 

On the w_estern border of the Lenc,ois basin, there is a long 

and narrow region which was affected by a series of tectonic 

events at the end of the Middle Proterozoic. This region was 

named the Espinha~o Fold System by lnda and Barbosa (1978). It 
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comprises the \Iiddle Prot e r n 1. o i c me t as e d i men t s or t he \Ve s t e r n 

and the Esp1nna~o orogenic belt 

(west). These are separated by a zone of Archean basement named 

the Fig. 

The basement, of Archean age , i s compos e d of g n e i s s i c and 

migmatitic complexes which were affected by the magmatism and 

high grade metamorphism of the Transmnazonian cycle (1.8- 2.2 

Ga). Yo I can i c - sed i men t a r ':-' c omp I ex e s (schists, quartzites and 

iron banded quartzites) occur together with the plutonic 

complexes. 

The Midd I e Proterozoic cover is considered to be similar to 

the sedimentary sequences of the Espinha~o Supergroup deposited 

1n the Len~ois basin. Th e f o l 1 ow i n g d i a g ram shows the p o s s i b I e 

correlation between the sequences of the Espinhaco fold belt and 

the "chapada" Diamantina. 

ESPINHACO F"OLD BELT "CHAP ADA" DIAMANT INA Litho logy 
!. 

1 e Go 
Upper Chopodo Diomontino Sandstones, si I \stones 

and conglomerates. 

«< -, Continental pelitic 

u 
, sed i men \I cut by s i I Is 
-- Middle Po raguac

1
u of diabase. Quartzites 

- ~ intercalated by schists 
and phy IIi tos. 

0 
N 1 8 Go Lower Rio dos Remedios Acid and intermediate 

0 "'olconic rocks and 
c I ast ic sediments. 

a: 
w micaschists. meta-

1- sandstones over loin by 
phy I I i I es and fine r11eta 

0 ... sandstones . 

a: ~ 
Vol conic-sedimentary complexes 

amphibol ites.marbles. 
ll. ....1 

quortzites,micoschists 

migmatites and 
chornock i tes. 

Basement gneissic and miqmatitic 
ARCHEAN complexes. 
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Fig. 2.13- Main regional structural line;m1ents of the northern Espinhas\) 
fold belt and western border of the Chapada Tableland. From 
lnda and Barbosa (1978). . 
A= Espinhaco fold belt 
B = Paramirim complex 
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Due to the long durat1on of the deposition. !'rom 1.8 to J.(l 

lJ a , t n 1 s c o r r e 1 a t 1 on 1 s s t 1 1 1 u n c e rt a 1 n and s o I e I y b a s e d on 

I i thcdogJcal similarity ( lnda and 

n1e t a s e d i n1e n t s present nie t a.il10 r phi sm -~ r 
VI 

Barbosa, 1978) . 

greenschist facies 

The 

~- .J 
tllJU 

they we r e de f o rme d d u r i n g the E s p i n has o o r o g en y ( 1 . 3 - 1 . 0 G a ) . 

1\./Ar dates show the overprint of the Brasi 1 iano event (600-450 

Ma), as detem1ined by Tavora et al. (1967), Jardim de Sa et al. 

(I976a) and Brito Neves eta!. (1980). However, structural or 

met<m10rphic feature \Vhich could be ascribed to this event has 

not yet been recognized. According to these authors, the young 

ages may reflect regional uplift and hydrothermal activity at 

the end of the Proterozoic. 

1be Middle Proterozoic evolution of this region Is very 

controversial ( I n d a e t a 1. , 1 9 8 4 ) , p a rt i c u 1 a r I y i f one a t t emp t s 

to include the southern part of the Espinhaso fold belt, 

situated In Minas Gerais State. These belts extend from 

southern Minas Gerais State up to the north of Bahia State, for 

about 1000 km. Cordani (1973), using geochronological data, has 

postulated a suture zone along the Paramirim complex, with final 

development at the end of the Brasiliano orogeny (ca. 500 Ma). 

Sighinolfi and Conceisio (1974) have associated the acid 

v o I c a n i sm o r t h e " c h a pad a " D i ama n t i n a t o t h i s c o I I i s i on . Th i s 

model has been questioned by recent geological and geochemical 

studies carried out by Jardim de Sa eta!. (1976a). According 

to these authors, the acid and intermediate volcanism was 

accrnnpanied by clastic and volcano-clastic sedimentation. This 
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occurred dur1ng the Intraplate events, when the lithosphere 

started ntt1ng 1n th1s part ol the Sao FranCisco craton. lhe 

uplift of the central block, defined by the Paramirim complex, 

.- - .-. '• t-- .-. rl 
\..- J C: d L C:U LV·iO par a 1 l e 1 __ ~ __ : _ ,_ 1 .._ __ .. _ L _ __ ...1. _ L t _ .. I · _. _ ..• - _ r 

lll<.ttgiiiui Liuugu~, WJtt:re Lilt: seUillit:llLS Ul 

the Espinhac,o Supergroup were accumulated and subsequently 

folded and metamorphosed. 

In Bahia State, the E s p i n hac, o f o I d be I t 1 s composed of 

strongly folded metasediments and its borders are I imi ted by i'iMV 

t rend i n g fa u I t s . The de g r e e of me t amo r ph i sm i n c rea s e s f rom 

north to south and from upper to lmver sequences. A map of the 

s t r u c t u r a I I i n e arne n t s o f t h e E s p i n h a c, o F o I d S y s t em 1 s s h own 1 n 

F i g . 2 . 1 3 , r e p r o d u c e d f r om I n d a a n d Ba r b o s a ( 1 9 7 8 ) . J a r d i m d e 

Sa et al. (1976a) described the contact between the western 

"chap ad a " D i ama n t i n a and the P a rami r i m c omp I e x a s rna d e up of NMV 

trend cataclasites and mylonites zones. The metasediments lie 

discordantly over these zones, indicating that they are older 

than the sedimentation. It appear that they were subsequently 

reactivated, as evidenced by cataclastic features in the acid 

volcanics and quartzitic sequences. 

The Espinha<;o fold belt was affected by the Middle 

Proterozoic tectonism, since the sequences are strongly folded 

with westward vergence. Subsequently, normal faulting occurred. 

The contact with the Paramirim complex, is defined by high angle 

normal faults but frcm Caetite city (Fig. 2.13) southwards, 

thrusts are observed instead. The metamorphism is of 
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greenschist I a c i e s a n d I o c a I I v o I I uw <mlp h 1 b o I i t e ,. a c e i s . Mo r e 

detaJled geologJcal aspects of lh1s region are given in Chapter 

4. 1n connection with the Interpretation or a large negative 

g r a v i t :v a n orn<-il y I (J u llll 1 n l h e r e g i o n ( F i g . 2 . 4 ) . 

2.2.4 Eastern Bahia Shield (Region V) 

This eastern region or the S5o Francisco craton has i t s 

basement extensively exposed. The whole region was consolidated 

at the end or the Transamazonian cycle (1.7-1.8 Ga) but 

radiometric data have revealed Archean nuclei which remained 

unaffected by the Proterozoic orogenies. 

The Eastern Bahia Shield is essentially composed of mesozone 

and catazone plutons or acid composition. The epimetamorphic 

rocks are represented by sedimentary and volcanic-sedimentary 

complexes. These are classified as greenstone be 1 t s by 

Mascarenhas (1973). 

lnda and Barbosa (1978) subdivided the Eastern Bahia Shield 

i n t o t h r e e s u b - r e g i on s i n o r d e r t o a c c o u n t f o r t h e r a d i orne t r i c 

and petrological data and the structural characteristics. 

The Jequie-Mutuipe zone, the first sub-region, 1s shown in 

F i g . 2 . 7 a n d i d en t i f i e d w i t h numb e r 5 i n t h e c a p t i on . I t 1 s 

composed of granulites and mi~atites. Part of this region, 
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d a t e d a t ,) , 2 ( i a , c an be a s soc i a t eLl w i t h t he f i r s t c r u s t a I n u c I e i 

w i t h i n t h e S a o F r a n c i s c o c r a t on . 0 t h e r p a r t s a r e c onmo n I y d a t e d 

at 2.7 Ga. corresponding to the high grade metamorphic event 

wh i c h o c c u r r e d i n t h e A r c h e a n a n d wa s r e f e r r e Ll t o a s t h e J e q u i e 

cycle by Cordani (1973). The structural pattern 1s very 

complex, reflecting the overprint of several deformational 

phases. During the Lower Proterozoic, the region was affected 

by f e I d s p a t h i z a t i on , m i gma t i 1- a t i on a n d g r a n i t i c - g r a n o d i o r i t i c 

intrusion. 

The second sub-region is the Contendas-Uaua-Jacobina fold zone 

(number 4 in Fig. 2.7). Transamazonian age predominates in this 

part of the Eastern Bahia Shield. It is composed of high grade 

metamorphic rocks, volcanic and acid intrusives and 

bas i c - u I t r a bas i c rocks. The structures have fold axes and 

foliations trending north-south. 

The Sa I vador- Juaze i ro 1 s the third sub- region (number 6 in 

Fig. 2.7). It is possible that the basement 1s Archean. The 

similarity of the granulite facies rocks of this region with the 

rocks found in the Jequie-Nfutuipe sub-region can be taken as 

e v i d e n c e f o r t h i s . M i gma t i z a t i on a n d g r a n i t i z a t i on o c c u r r e d a t 

about 1 . 9 2. 0 Ga . 

Middle Proterozoic sedimentation has not been found so far in 

this part of Bahia State. The Phanerozoic is represented by the 

Cenozoic-Mesozoic sedimentary basins of Reconcavo, Tucano and 
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LJt n h a . De t a 1 I s of t he s t r a t 1 g r a p hv an J e v o I u t i on of t he s e 

bas1ns 1s presented 1n Chapter S. 

2.2.5 The Marginal Fold Systems (Regions I,VI,VII) 

Three fold svstems \Vhich surround the Sao Francisco craton in 

Bahia State are briefly described. 

The Rio Preto Fold System, the region I of lnda and Barbosa 

(1978), is situated at the north-northwestern border of the 

State. The basement of granitic-gneissic composition is Archean 

and it is overlain by sequences deposited 1n the Middle and 

Upper Proterozoic. Th e 1 owe r s e q u e n c e i s c o r r e 1 a t e d w i t h t h e 

E s p i n h a c, o Sup e r g r o u p ( M i d - P r o t e r o z o i c ) a n d i t 1 s c omp o s e d o f 

micaschist with biotite and garnet. The Upper Proterozoic 

sequence is composed of metasi1tstones, arkoses and greywacke of 

the Bambui group. During the Brasi I iano orogeny (500 Ma), the 

sediments were metamorphosed (low to intermediate grade) and 

deformed. The structural pattern is characterized by l'M'-SE 

vergence towards the craton. 

The Sergipano Fold System (Region VI) is situated at the 

northeastern border of the State, and it IS possibly an 

extension of the Pan- African belt (Burke et al., 1977). This 

system is composed of four zones trending \\MV-ESE. The degree 

of deformation increases northeasDWards. The metasediments 
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II 

\\ i1 i c h c omp o s e the belt (pelJtJc and ps;mmitic rocks ) \Ve re 

r h e ii r a s 1 1 1 a n o c y c l e . A mo r e d e t a i l e d a c c o u n t 

of this unit is given 1n 01apter 5, 1n connection with the 

evnlnt_ ion or t h p. r p n n ,, n ; ,-, \ ",.., .. ,-,. ,. ~ ; " 
~••"" ,_,-..,_11VI.\.IJ\...-!VJC..')ULU1\... sed i men t a r y b a s i n s . 

The Arac,uai Fold System (Region VII) 1s situated at the 

south-southeastern border of Hahia State, continuing into Minas 

Gerais State (Fig. 2.6). Th e b a s erne n t o f A r c h e an a g e IS 

composed of g ran i t i c g n e i sse s and g n e i s s e s . Some remnants of 

granulitic and charnockitic nuclei are also found. In the State 

of Minas Gerais, this belt is covered by the Middle Proterozoic 

sediments of the Espinhaso fold belt. I t is composed of 

quartzites of Middle Proterozoic (Espinhaso Supergroup) and 

Upper Proterozoic sequences (Macaubas and Bmnbui groups). 

During the Brasiliano orogeny (ca. 500 Ma), the sediments were 

affected by greenschist facies metamorphism, folded and thrust 

against the craton (Fig. 2.10). 
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Uti\ PTE!< .1 

The l so s t a t i c An a I v s i s or Bah 1 a S t a t e 

The isostatic r e s p on s e r u n c t i n n t e c h n i q u e wa s u s e d t o s t u d v 

the isostasv or the northern S5n Francisco craton. The 

f o I I ow i n g c o n s t i t u t e a d e q u a t e c on d i t i on s f o r t h e a p p 1 i c a t i on o f 

this technique: the area covered by the present gravity survey, 

a fairly uniform distribution of the gravity stations and a 

region of relatively high topography (Espinha~o Fold System). 

<~e of the aims in applying the response function technique 

IS to get some information about the 

lithosphere, 1n particular, to study 

responds to geological time scale loads. 

rheology of the 

how the 1 i thosphe re 

The results of the 

response function studies in continental areas are difficult to 

b e i n t e r p r e t e d . d u e t o t h e c omp I e x i t y o f t h e g e o 1 o g i c a I history 

of the regions covered by the gravitv and topographic data. The 

response !unction technique requires the data to coNer a large 

area Vvhich often involves several different tectonic provinces. 

By applying this technique to a single tectonic unit, the Sao 

Francisco craton, a n a t t emp t i s mad e t o a s s e s s t h e a p p 1 i c a t i on 

of the response function in an old continental area, where 

topography IS highly attenuated due to eros)on and where the 

I ithosphere has been affected by an overprint of successive 

geological episodes. 
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The I S l) S t a t I C response function technique, u Is o referred to 

as the admittance or I in ear transfer function. was proposed hv 

Do m1a n and Lewis ( 1970) t 0 study the isostasy of continental 

wide areus. I n p a r t i c u I a r . t h e t e c h n 1 q u e wa s a p p I i e d on U n i t e d 

S t a t e s g r a \ 1 t v a n d t o p o g r a ph i c d <I t a ( )_ e\v i s a n d Do rma n , 1 9 7 0 ) i n 

order to estimate the deep crust a n d u p p e r ma n t I e d en s i t y 

d i s t r ; h u t 1 ll n a s s o c 1 a t e d w 1 t h t o p o g r a ph i c Y a r i a t i o n . 

Asswning that topographic"masses are added loads produced by 

some tectonic process, the principle of isostasy states that 

mass variation at the surface is compensated by mass variation 

at some depth below the surface. I t i s u sua I t o a s s wne t h a t 

topographic masses are compensated at depths where significant 

density variation occurs, s u c h a s a t t he \to h o . 0 t h e rw i s e , i f 

the depth . of c omp ens a t i on i s a s s wne d con s tan t , the topographic 

v a r i a t i on i s c amp en s a t e d h :v I a t e r a I de n s i t :v v a r i a t i on , a s i n t h e 

c a s e of P r a t t mod e I o f i s o s t a s :v . The way the s e two qua n t i t i e s , 

the topographic masses and their compensating masses, are 

interrelated depends on a particular mechanism of compensation. 

,\ s d i s c u s s e d b v Do rma n a n d Lew i s ( 1 9 7 0 ) . t h e g r a v i t y e f f e c t 

of the c omp ens a t i n g ma s s e s on the t o t a I me a s u red g r a v i t y f i e I d 
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1~ ntln-IJnc<Jr. Th1s r <I c t il <IS t h c ll ~ e l \ r n lUlle r I c d I 

technH.Jues 111 order to calculate the gravJtV errect ol 

crnnpensating masses predicted bv a particular isostatic model. 

Tllese teclln1ques can somet1mes be laborious and time consuming. 

However, a s e s t i rna t e d by Do m1a n and L evv i s ( 1 9 7 0 ) . the quad r a t i c 

term ot" the compensating gravitv field in the Airv compensation 

mode I genera II\' does not exceed ]()0;. or the 1near ten11. Based 

on thJ s result. thev proposed an isostatic model 1 n v\11 i c h . 

regardless or the mechanism or compensation. the response or the 

Earth to a surface load l s 1 i near. In this way, a 1 i near 

a p p r o x i ma t i on f o r t h e c omp e n s a t i n g g r a v i t y f i e 1 d i s o b t a i n e d . 

The linear compensation model of Donnan and Lewis (1970) 1s 

based on the assumption that density variation (Llf>) at a given 

depth r 1 under a point P 1 (Fig. 3. 1 ) . 1n response to 

topographic mass variation at a point ~ at the surface can be 

expressed as 

j f<r<e,.tfl,l K< r ,,, l ct!l, 
s 

!1~= densitv ,. a r 1 at ion at a depth 

under a po1nt p 
1 

( 1 ) 

r 1 

Ll<r = mass per unit surface topographic are a; 

r 1 = depth or compensation, measured from 

the centre of the Earth; 

d1l 2 sin6 2 d62 d~2 =element of surface area; 
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Dorman and Lewis (1970) l1near isostatic 
cumpensa t ion mode I. 



co-;0 

i-.,.('6'. r 1 ), the isostatic function due to a un1t topographic load. 

is dei'Ineu lube oni:v dependant on the relative distance beD-Veen 

the topographic masses and the point PI and on the depth or 

c omp ens a t i on r 1 . I r K ( 0 . r 1 ) i s a cl e I t a I u n c t i on . t he e x pre s s 1 on 

( 1 ) red u c e s t Cl a I o c a I c omp ens a t i on moue I . The r e I o r e , K 1 s a 

f U 11 C t i 011 Wil I C h We i gh t S t he S Ll r fa C e d e 11 S i t \" \ a r j a t i 011 0 V e r the 

\\·lwl e J:a r th. .-\<; sLm1i ng t I! <I t the dens1tv ol· the topographic 

nrusses is constant and equal to~· 

\\i1ere his the altitude at P2 

I n t h i s c a s e , ( 1 ) i s wr i t t en a s 

11p1e,.¢,.c, l ~j]fohle,.¢,1 kl ( .c, l ctJJ, 

s 

( 2) 

To calculate t h e g r a v i t v e r f e c t o f t h e c omp e n s a t i n g rna s s e s . 

firstly the gravity potential at a point Pat the surface, 1 s 

written as 
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\ ( e . ¢. r ) 

v 

!!p ( e 1 . ¢1 . r 1 ! d r 1 d 111 

jJ 

CJ = gra\'itational constant 

p(e .¢ ,e1,¢1,rJ =linear li1stance between the 

observatJonal point P and P, 

d f21 = sin e1 d8, d ~ 1 

Th e ,. e r r 1 c a I c omp on e n t o f 1 h e ;1 t t r ;1 c 1 i on i ~ o h t " i n e d a s 

where r0 Js the average tC\d•us of the Earth. 

Subs t i t u t i n g ( 2 ) in (z..a.) g i \' e s 

d[l1 (3) 

il:v ch<Jnging the order of integration the attraction gi is written 

as 

Defining 
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d 12, 

t he ex p r e s s i on ( 4 ) 1 s r ew r i t t en a s 

g j ( e . ¢ . ro) =) j )J( e2. ~2) r( ~I, fo ) J Sl2 
( 5) 

s 

Therefore, the vertical gravitational effect produced by the 

compensating Jensity variation 1s also written as a linear 

function of the topographic masses. The expression (5) I S the 

convolution between the topography and the gravit\ isostatic 

response function due to a unit topographic load. and i t IS 

simply written as 

h -' r ( 6) 

~here i Jenotes the convolution. 

As Jiscussell bY Dom1an and Lewis (197tl). the express1on (5) 

c an be a p p r \) x i m<t t e d to the plane case. even 1n regions of 

continental dimension ( < 5000 km ). In doing so, r. h, 

become functions of (x,y,z). 
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I n c <t r t .:: " 1 ; t n L , ' , ' r d 1 n <t t e ~ . 

) ( .. \) bj .\. , ' 

Th e i s o s t a t i c a nom a I y i s d e f i n e d a s 

g. 
I 

Bouguer a nom<~ l,v 

Therefore. 

r • h 

C s i n g t h e d e f i n i t i on o f F o u r i e r t r a n s f o m1 . 

( 7) 

the convolution 1n 

(7) is a simple multiplication in the wavenumber domain. Let us 

define Rq~), H(Ji), B(h) and G (b) as the spectral representation 

o f r , h , 6 g 8 a n d A g i , r e s p e c t i v e I :v . Th e r e r o r e , ( 7 ) w i I I b e 

r ewr i t ten as 

B( h) - Gi ( h) ( 8) 

k i + k i 
X • y ;.. 

i and l are the unit vectors 

G i ( h ) i s the f i n a I i so s t a t i c an oma I y wh i c h we ex p e c t to be 

uncorrelated with the topography. If this is the case, the 

average of the cross-correlation between Gi(!~) and H(h) 
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dpprt,J<:lles ;er1' i.e. 

\\i1 e r e 

* II ( b l c ump l e :-; con .i u g a t e o I fl( h ) 

< ) = a\er<~ge 111 <1 \\<t\enw11ber bJndwidth 6.1-. 

In this case. (8) can be written as 

k = lh I = ( 

R(k) has no radial dependence. 1 • e. , i t 1 s a real and 

s:vnmetrical function in relation to k =0. This is because rCf), 

t h e c amp e n s a t i n g e r r e c t d u e tu a point load. 1s also a 

svnmetrical function in the space domain. 

lh cross correlating the observed Bouguer Jnomalv and the 

topography. the isostatic response function R(k) is easilv 

obtained. This function provides, t I) f i r S t a p p r o x i rna t i on . 

i n r 0 rma t i 0 n about the possible mechanism by which the 

topographic masses are compensated at depth. 
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p a r t i c u I a r wa \ e I eng t h J... • \\ t1 i c h IS inearlv related to the 

topogr<~phv. the coherencv spectrillll 1s Jefined as 

l n cert<~in geological situations. the topographY IS 

approxinmtely constant along a particular direction. such as in 

mo u n t a i n be I t s o r s e arno u n t c h a i n s . A s imp I e e x p r e s s i on f o r t h e 

isostatic function and t h e c omp e n s a t i n g g r a v i t .v f i e I d IS 

obtaineJ assW111ng that the topography only varies along the 

x-direction 

The convolution 1s one dimensional and consequently also the 

Fourier transfonn of the observed Bouguer anomal_\' and 

topographY. 

Th e n wne r i c a I a s p e c t s 0 f c a I c u I a t i n g t h e response function 

are discusseJ Ill the next sect Jon. 111 connection with the 

application of this technique to the gravity and topographic 

data of Bahia State. 
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3.~ l'he !s,,stat 1c l~esp<lnse l'UJLC_l_U..lJl_vl___ ll<Illld St<tte 

A s p r e s e n t e u i n ( :!1 a p t e r 2 . s e c t 1 on 2 . 3 . t h e r e g i o n a I t e c t o n i c 

r e J t u i' e s w i t h i n t h e s a () F r a n c I s c 0 c r d t () ll t r e n d \i'\\ v t () '\ ( I· I g . 

2. 7). The Ho u g u e r an oma I v rna p ( F i g . 2 . 4 ) a I so shows the s arne 

~i\W to\ trenu. lnuJcating a goou correlation be8Neen geological 

f e J t u r e s an u g r a\ i t v an om a I i e .s . I lowe ve r, t 0 t h e we s t 0 r 

I on g i tude ~ 3 ° W. \\ i t h i n t he Sao I: ran c i s co b a s i n , t h e an om a I i e s 

t r en u a r r r (1 X i milt e 1\ 1:-w. \\ i t h \\ave I eng t h () r ~ ()() km and amp I i tude 

of about 20 niia I . 

The use of the response 

reasonable topographic signal 

function technique requires a 

The topography of Bahia State, 

as outlined Ill Fig. 3.2. was obtained by interpolating the 

a 1 t i t u d e s 0 f t h e g r a v i t v s t a t i 0 n s . Th i s ma p I s () n I y a r i r s t 

approximation of Hahia State topography. The short wavelength 

features, and 1n particular the areas of rough topography, are 

not well depicted due to the spacing between the stations and 

because gravitv surveys tend to avoid regions of rough 

topography. \evertheless. the regional topographic features Cl> 

2 0 km) a r e we I I reproducell due to a relativelv uniform 

distribution or the gravi tv stations Ill this particular survey 

(see Fig. 2.1 l. The map siH)\\11 in Fig. 3.2 was comparell with a 

mo r e d e t a i I e d topographic map of Bahia State. Topographic 

f e a t u r e s w i t h wa v e I e n g t h s I on g e r t h a n 4 0 km a r e 

w i t h i n ::!: 2 0 me t r e s . 
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Till' 1\ t 1 u h'U e r <t tlll t t 1 pot; r a ph 1 c m;t p-.; r 1· 1 g -.; _ 2 _ -1 a n d I" 1 g .. ) - 1 ) s h ( 1\\ 

a n ;t r r ow r e g 1 u n be t'vve e n I on g i t u d e 4 1 ° and -1 .\ 
0 

\ V, "" t1 e r e g r a v 1 t v 

and topographY show good correlation. \1ost of the gravitv and 

tnpographic 1- e a t u r e s a r e a s s o c 1 a t e d \\' i t h t h e E s p 1 n h a ~ o I: o J Ll 

Svstem. The topographY ranges from 400 to 1200 metres above sea 

level. whereas the Bnuguer anomalv ranges from -80 to -110 n·Gal. 

In the present studY. the one dimensional isnstatic response 

r u n c t I 0 n t e c h n i q u e h a s b e e n a p p I j e d t \) r i v e I: -\\ p r 0 r I I e s i n s t e a d 

of using the two d imens i ona I approach 1nitiallv proposed by 

Dorman and Lewis (1970) and followed by Mc\utt and Parker 

(1978), Banks and Swain (1978) and Banks et al. (1977). The 

one dimension a I approach mav be justified on the grounds that 

the main tectonic and gravity features are approximately linear 

and trend north-south. ·~e response function seeks the linear 

r e 1 a t i on s h i p b e twe e n two s i g n a I s . Th e c r o s s s p e c t r W11 o f t h e s e 

two signals will be composed of random noise if there is not a 

co r r e I a t i on be tween them or i f t he amp I i tude of t he s i g n a 1 s 1 s 

sufficiently low. A stable and unbiased estimate of the 

response function (Bendat and Piersol, 1966) IS obtained by 

averaging the cross spectrW11 of the t~u signals within a 

wavenW11ber band\vidth Ak. The average cross spectrum composed 

ot random noise at anv IS zero. Therefore. for an 

approximately 2D structure. the average cross spectrw11 along its 

strike should be nearly zero and this can he used numerically to 

justify the use of the one dimensional approximation. This 

approximation has been previously applied In nearly linear 
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\\a L t s. i 982). s e <uno u n t c h a 1 n s ( \Va t t s . I 9 7 8 ) and r r a c t u r e zone " 

( \lc "- e n l i e a n d Bow i n . I 9 7 6 : Loud e n a n d I: o r sv t h . 1 9 8 2 ) . A stable 

~ "'-' t 1 "" ., t u " r ...... • '-- I IIIU ~ \.. \.) J t h e r e s p u 11 -, e r u n c t 1 on i s o h t a 1 n e d b v a v e r a g i n g t h e 

cross spectrum over seYeral profiles. 

F i v e g r a\ I tv and t (l r (1 g r <J r h I c r r 0 r i I e s we r e used in the 

present study (l.lg. 3.3). 'l'hese are separated from each other 

bv about 55 km. Each of these profiles is composed of data 

points which are situated within an area extending 10 km on both 

sides of and parallel t o t h e p r o f i I e c on s i d e r e d . Th e d a t a 

within this 20 kmwindowwas projected orthogonally onto the 

profi I e. 

Th e g r a v i t :v a n d t o p o g r a ph i c p r o f i I e s s h ow t h e f o I I ow i n g rna 1 n 

features: 

1) The hi~h topographic region is centred around the longitude 

4 2 ° W, w i t h an ave rage w i d t h of 2 00 km i n the no r the r n prof i I e s 

and 100 km in the south. 

2) Associated with the high topographv. negative Bouguer 

anomalies are observed on all profiles. The wavelength of the 

anomalies is about the same as that of the topographic features . 

. \)There is a high correlation betv\·een free-air anomalies and 

short w~velength topographic features. 

4) The long wavelength Bouguer anomaly, which extends from the 

centre of the craton towards the continental margin to the east, 

is inverselv correlated with the topography. This can be 
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accounted 

rnarg1n. 

5) To the west of longitude 42°\V. 1n the Sao Francisco basin, 

the f"ree <.11r <.~nd Bouguer anornai1es show a north-south var1at1on. 

Th i s 1 s e x emp 1 i f i e d b v two \ S p r o f i 1 e s s h o\vn i n F i g . .1 . 4 . Th e 

profile at 4.1.5°" 1s s1tuated near the border of the SJo 

F r a n c i s c u h a s i n . A -; e c o n d p r o I i 1 e ( 4 4 . 5 ° W) , \\il i c h 1 s s i t u a t e d 

at a hundred kilometres to the \Vest, shows a s1milar pattern of 

Bouguer a noma l \. The cross correlatHJn ben,·een topography and 

Bouguer anomal~· for both profiles shows a verv low coherency. 

This can be explained by a weak topographic signal in the basin 

and/or a random phase relationship between topography and 

gravity. The stratigraphy of the Sao Francisco basin suggests a 

\S variation in the thickness of the Middle and Lpper 

Proterozoic metasedimentary cover. Associated with the min1mwn 

of the Bouguer anomaly, a thicker sequence of pelitic and 

c a I c a r e o u s r o c k s o f L p p e r P r o t e r o z o i c 1 s o b s e r v e d . Th e b a s erne n t 

outcrops to the north and to the south. as indicated by the 

positive Bouguer anomaly flanking the central negative anomaly. 

The long wavelength Bouguer anomaly in the Sao Francisco basin 

is thus probably mainlv due to a variat1on of· the basement depth 

~·ithin the basin. 
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3 . 1 1 T iJ t' l~ e .., p 1 ' n s e I : u n c· t 1 on . ( , 11 iJ e r e n c Y a n d Ph a s e S p e c t r a 

The c r o s s - s p e c t r a I analvsis of Bahia State gravitv and 

top o g r a ph i c d a t a wa s c a r r1 e d o u t on t he pro r i I e s s h ov.'Tl i n F i g . 

3.3. Linear interpolation vielded data points at interval of 10 

km. The profiles have different lengths. which range from 650 

t o 8 5 () km . Th e d i s c r e t e F o u r i e r t r a n s r o m1 o f t h e J a t a requ1 res 

t h e e n d o f t he p r o f i l e s t o be smo o t h e d o r t a p e r e d t o avo i d t h e 

()ibbs phenomenon (Lanczos, 1961). There are dif'rerent ways of 

avo i d i n g t h i s n tune r i c a l problem. A complete discussion of 

these. with nillnerical tests within the context of calculating 

the isostatic response function, is presented by Mc~utt (1983). 

Th e t h r e e mo s t c onn1o n p r o c e d u r e s a r e : 

a) linear ramp forcing the Yalues of the opposing ends to the 

same va 1 ue; 

b) tapering the ends smoothly to zero by applying a pre-defined 

taper function; 

c) mirror image of the profile. 

In using synthetic models with random noise. Mc\utt (1983) 

found that t h e mo s t r e l i a b I e e s t i ma t e o f t h e r e s p on s e fun c t i on 

is obtained by using either the mirror Image approach or bv 

extending the ends of the profiles hv predJctJon. 

The present s t u d y f o I l ows the pre d i c t i on p roc e d u r e . The 

profiles were extended wesn.vards to a length of 1280 kmwhich 

provided 128 data points for the discrete Fourier transform. 
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The \()pogr<~piltL' p r ') r I I ~ -~ \\ e r ~ e \ t c n J ~ d ld~Jilg ddtd I r ()Ill 

topograpllJC maps wi1ereas the gra\itv anomalies were extrapolateJ 

r o I 1 owing the regional trenJ. Without introJucing any short 

,, ... , , .... 1 ,...,. ...... +- \.... ~- "---· 1 --
y ... u v \... 1 \... II t) L II a I J \Jill<.! I _Y • 

The isostatic response function. coherencv and the phase 

s p e c t r a we r e c a l c u l a t e d u s i n g a s e r i e s of c ompu t e r routines 

wi1ich are listed In Appendix B. This computer routines package 

\Va s b a s e d on B l o om f i e l d ( 1 9 7 5 ) . 

. ..\n u n b i a s e d a n d s t a b l e e s t i rna t e o f t h e r e s p on s e f u n c t i on i s 

'If 
obtained by averaging the cross spectrill11 B(kJII (k) and the auto 

spectra H(k)ll* (k), as defined in section 3.1. The isostatic 

response function is calculated as 

where * denotes the complex conjugate. 

The functional relationship bet\\'een G(k) and ll(k) is given by 

the coherencv. defined as 

The coherency, a n~asure of the degree of correlation 

between the Bouguer anomaly and topography. is equivalent to the 

correlation coefficient of least squares analysis. As discussed 

1n Bendat and Piersol (1966), if C 2
= 0 it is not possible to 
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I, 

de I lne d re"Jl''n'>e I u IlL I 1•'11 he t\\een the t\\ \\ funLtiuns 1\ ;1nd II. 

1 r CL i 0, however sma I I I S the \ ;1 lu e . <.1 response rune t inn can 

be estimated wi t h an accuracv W11 i C h depends on the degrees ol 

freedom of the e s t i ma t e of each c omp 11 n en t or the spec t r W11. 

Bv examining the 

. (' 2 coherencv expression " , one can see that I I the r a\\ spectrW11 

IS used t o e s t i rna t e 1 t . C 2 w i I I be a 1\\·a v s e qua I t o one f o r an v 

s i n g I e s p e c i r i e d k . Th e r e f o r e , a s t a t 1 s t i c a I a p p r o a c h mu s t b e 

used to understand the meaning of R(k). 

The Bouguer anomalies and the topography are taken to be 

random gaussian variables (Bendat and Piersol. 1966). 

Therefore. the fourier transfcrms of these quantities are also 

gaussian because the l:ourier transfom1 is a I inear operator. 

From the definition of ~2 
and its application, 

,., 
each B(k) 

e s t i ma t e d c omp on e n t o f B ( k ) w i I 1 h a v e a d i s t r i b u t i on s u c h a s 

"' B( k ) ' B( J...) = 
2 ry.:;/ 2 

\Vhere 1!Js the chi-square variable with n=2 degrees of freedom. 

This distribution does not depend on the length of the 

s e r 1 e s • t h a t i s , t h e e r r o r o f t h e e s t i ma t e w i I I not change by 

increasing the nW11ber of observations. The average and variance 

2 
o f 1- a r e n a n d 2 n r e s p e c t i v e I y . Th e r e f o r e , t h e e r r o r o f B ( k ) 

1 s s i g n i f i c a n t . Th e n o rma I i z e d s t a n d a r d e r r o r i s 
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Because n=2. t h i s imp 1 i e s t h a t 1 ~ 1. There lore. the 

standard deviation of the estimate 1s as large as its value. 

Th e e r r o r c a n h e r e d u c e d h y smo o t h i n g t h e s p e c t nm1 . If the 

t o t a 1 I eng t h of t he s e r i e s i s I. . t he sma 1 I e s t wave n w11b e r w i I I be 

A k = I : I. wh i c h 1 s a 1 so k n mv11 a s the r e so 1 u t i on of the spec t r Wll. 

F o r e a c h wa \ e n Wll b e r I /1., 2/L, .... \/L there is an 

i n d e p e n d en t e s t i rna t e o f t h e s p e c t r W11. 

However, bv taking the average of m components, 

" B(k) ( 1/m)[ B(k) + B(k+1) + ... + B(k..mJ-1 )] 

then J~(k).will he a "(!variable with n =2m degrees or freedom. 

The resolution of the spectrlli11\\ill decrease to 6k' = mb.k hut 

the standard deviation E =~1/( b.k' L/ is reduced to F In 

this case. the variance of the estinmte is reduced at the 

expense of losing resolution. 
J 

In the present study, the procedure follll\\ed h\,' Bloomfield 

(1975. chap.7, page 197) known as a modified Daniell filter was 

used. The spec t r W11 wa s s u bd i v i de d i n to bands of w i d t h A k w i t h 

log-scale length. The p a r arne t e r s as s Wlle d 1 n the ave rag i n g 

procedure are presented in Table 3.1, together with the results 
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?\ R( .A) cJ C(A) m 
( km ) ( nGa I m-1 ) (each profile) 

1280 0.0850 0.02 0.65 3 
640 0.1102 0.03 0.68 3 
420 0.1200 0.03 0.875 3 
285 0.088 0.01 1.0 8 
210 0.0186 0.003 0. 85 8 
180 0.0264 0.004 0. 15 8 
160 0.0058 0.0009 0. I 8 8 
140 0.015 0.002 0.044 8 
120 0.008 0.001 0.070 8 
100 0.0064 0.0004 0.03 20 
90 0.0004 2x 1 o-4 0.06 20 
80 0.0005 3x 10- 4 0.004 20 
70 0.0003 2x 10-4 0.08 20 
60 0.0004 2x 1 o-• 0.02 20 
50 0.0007 4 x 1 a·• 0.009 20 
40 0.0005 3x 1 o·• 0.020 20 
30 0.0002 1 o- 4 0.001 20 
20 0.0001 1 o·• 0.002 20 

Table 3.1 -Results of the cross-spectral analysis of Bouguer 
anomalies and topography, averaged over five profiles. 
R = response function; C = coherency ; cr= standard 
deviation;~= wavelength; m =smoothing factor. 



l o he r en c v· . ave raged o v e r f 1 v e prof i I e s . 

Til e ph a s e s p e c L r w11 1 s o b t a i n e d a s 

~(k) =arctan lm (B 11*)1 Real (B lilt)) 

wi1 ere lm i s t h e 1m a g 1 n a r v p a r t <t n J R e a I i s t he r e a I p a r t . f< k ) 

i s the me as u r e or \\11 e the r R ( k ) i s d rea I fun c t i on . The phase 1 s 

n e <t r I y 1. e r t' o r ! 1 8 () J e g r e e s I r t h e i ma g i n a r v p a r t 0 f R ( k ) 1 s 

negligibie. 

Th e i s o s t a t i c r e s p on s e fun c t i on ( o r a elm i t t an c e fun c t i on o r 

B a h i a S til t e i s s h own Ill fig. 3.5. The bars indicate one 

s t a n J a r d d e v i a t i on o f e a c h e s t i rna t e , wh i c h i s c a I c u I a t e d a s (f ~-

R(k)/(\ m)-w11ere \ is the nwnber of profiles and m is the nwnber 

of components of each estimate of R in a wavenwnber bandwidth 

flk. The phase and coherencv spectra are shown in fig. 3.6. 

The response function of Bahia State presents a sharp 

decrease of energ_v at about ~= 200 km. Topographic features 

v>. i t h wa v· e I eng t h s h o r t e r t han 2 00 km a r e e i t he r "u n c omp en s a t e d " 

L'r the\· are compens<tted b_v other means wnich are not predicted 

bv the I inear model. The coherencv spectrWll also shows that the 

degree or I inearity is distinctlY low for A<200 km. Therefore, 

topographic and gravity signals at this bandwidth are not 

correlated. At long wavelengths CA~ 600 km), low energy ts also 

o b s e r v e d due t o n wne r i c a I rea sons . As s h ow·n i n F i g . 3 . 3 , the 

53 



'<j"" 

E 

ro 
l:J 
E 

c 
0 -u 
c 
:::::::1 
~ 

Q) 

Vl 
c 
0 
0... 
Vl 
Q) 

0::: 

-0.14 

-0.12 

-0.10 

-0.08 

-0.06 

-0.04 

-0.02 

10 

WAVENUMBER ( k m1
) 

-2 
1 

f 
I 

r I 

WAVELENGTH ( kml 

Fig. 3.5 -Response or Admittance function of Bahia State. The 
bars are the standard deviation. 



r 

en 
Cl) 
Cl) .... 
rn 
Cl) 

0 

Cl) 
en 
nl 
.c. 
0... 

>-
0 
c 
Cl) .... 
Cl) 

.c. 
0 

(.) 

I 

1801 
140 

Q 

eo o 0 

100 

60 

20 
., 

-- - - - - -

-20 

-60 • • 
0 

-100 • 0 • • 0 
-140 

-180 

1G' 

1.0 tA. 
' 

A. 
' 

0.8 I 

A. 
I 

'A. I ---A 
0.6 

0.4 

I 
I 

0.2 J.. I 
,• I 

,:\1 

k(km-1
) 

10 
2 10 

3 

I I I I I I 
~(km) 

I I I 1 I I I I I I I 
10

1 
10

2 
103 10

4 

l:ig. 3.6 - Phase and coherency spectra associated with the 
response function of Hahia State. 



I on g e s 1 t \' p o gr : IJ1 11 i c I e <I t u r c . wl1 1 c 11 e \ \ e n d ~ I r nm t 11 c c e 11 t r e '1 I 

1 h e c r a t on 1 o t h e e <J s t e r n c on t i n e n t a I ma r g 1 n , d o e s no t d e r 1 n e a 

complete wavelength. llowever. there is some correlation between 

t h i s topogr<tph i c rea t u r e and the 1\o u g u e r an oma I .v . One v..:a .v to 

avoid mrrner1callv the decrease in energ\' f'or 'A) 600 km IS to 

"c omp l e t e .. the wa \ e I eng t h or this feature bv extending the 

p r o r i I e we s twa r d s . This cCJn he done. for instance, bv 

m i r r o r - i ma g 1 n g the data Ill r e I a t i on to t he we s t end or the 

profile. llnwever. the response function corresponding to this 

artificiall,v created signal, does not have an,v real ph,vsic;~l 

meaning. It 1s ver.v unlikel,v that the gravity and topographic 

signatures to the west or Bahia State resemble those to the 

e d s t . The we s t e r n b o r de r or t he S 5o Franc i s co c r a ton IS the 

Brasilia fold belt and the eastern border 1s the Atlantic 

continental marg1n. For this reason. it was decided to 

calculate the response function keeping the "incomplete" 

wa v e I e n g t h . Th i s d o e s n o t r e s u I t 1 n a n ~· l o s s o f i n f o rma t i on o r 

misinterpretation as long as we bear in mind this limitation 1n 

t h e d a t a . A I s o . a s i s s h own i n t h e n e x t s e c t i on , the response 

function at wavelengths larger than 1000 km does not provide 

mu c h 1 n r o rma t i on r e g a r d i n g t h e p o s s i h I e c omp en s a t i on me c han i sm . 

The bandwidth. 1n \Vhich useful information regarding the 

compensation mechantsm can he obtained, is betv.·een 200 to 1000 

k.m. I n p a r t i c u I a r . t he r e s p o 11 s e fun c t i o 11 of Bah i a S t a t e shows a 

n a r r ow b a n dw i d t h \\il e r e t h e r e s p on s e i s h i g h a n d t h e c o h e r e n c y i s 

nearl.v one. This Interval is situated around 250- 600 km. 
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runct ion ior .A/ 200 k.m. l'or 'At... 200 k.m. a random relationship 

between topographv and Bouguer anomal1es appear to exist. as 

expected I I t h e g r a v 1 t v a nom a I 1 e s a r e c au s e d by u n c omp e n s a t e d 

sources. 

Compa r i sun be t\\ e en observed and theoretical isostatic 

re<>ponse func t i OilS. 

In order to interpret the isostatic response function of 

Rahia State, i t IS useful to compare it with theoretical 

response functions predicted by different I i thospheric 

rheologies. This appruach has been used by Banks et al. 

(1977), Banks and Swain (1977), \k\utt and Parker (1978) and 

Stephenson and Lambeck ( 1985) In studying the isostasy of 

continental regions. \\lhilst Stephenson and Lambeck (1985) used 

a viscoelastic rheology, the other continental studies made use 

of the elastic plate model. In order to assess the possible 

mechanism of compensation of Rahia State region. thin elastic 

p I a t e r he o I o g v i s i n i t i a I I v as s ume d , \1.' i t h the t o p o g rap h i c rna sse s 

compensatet.l at the base or the crust. 

The response function predictet.l by the thin elastic plate 

model overlying a fluid substratum is easiiv obtained in the 

wavenW11be r domain, following Ranks et al. ( 1977). The one 

d i mens i on a I e qua t i on of the v e r t i c a I de forma t i on w{ x ) of e i the r 
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a 11 t' I d " I I c' h t' <llll i) r <I I il I 11 t' I d s t I L I' I <I t e . wh t' !1 I () J d e u () 11 t \) r h \' d 

t opog r J ph\· h ( \) u ens i t y ~0 I S g1ven by the r o I I owing 

clifterenti<tl equation (lletenvi. 1946: Jeffrevs. 1976) 

( 9) 

w11 ere f m = ma n t 1 e cl e n s i t y . 

9o= Jensitv or topography (load). 

Pc= crustal density, 

g gravitv, 

D E TJ! 1 12(1-V 2 ) is the flexural ridigity 

of the plate, 

E Young modu 1 us. 

v Poisson ratio. 

Te plate thickness. 

The Fourier transforn1 of the above equation 1s 

and t he 1·l) u r 1 e r t ran s f o rn1 or t he u e r 1 e c t i on \V{ x ) i s thus 

\\1 k) 

Af= Pm- J>c 

k=21f/~ 
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~ \\a \ e I e n ~ 1 11 

Th e g r a v i t a t i on a I e r f e c t d u e t o t h e d e f o rma t i on W( k ) a t t h e 

h a s e o r t h e c r u s t i s I i n e a r I .v a p p r o x 1 rna t e d a s 

rV 

B( k) 211 Ci ~p exp( -k 7m) \V(k) 

wi1ere l.m 1s the mean depth of the \loho. Substituting the 

e 4 u a t i on f o r \\~ k ) g i v e s 

R( k) 2\1 G 6f exp( -k Zm 

Th e r e s p on s e f u n c t i on i s t h e n 

R(k) B( k ) / I!( k ) 

If D = 0, 'Wtk), the Jdlection of the Moho, follows the 

s imp I e A i r v mod e I o f I o c a I c omp en s a t i on . 1 r o 1- o, the 

c omp ens a t i on i s a c c omp I i shed i n a reg i on a I wa 'I . 

!'our theoretical response functions were determined using 

elastic pL1te rheologY for \·aiues of effecti\·e elastic thickness 

of 0, 20, .. w anti 80 km. The o the r p a r ame t e r s used i n the 

calculation were: 

V= 0.25, E = 10
11 

1\.J m" 2 
, the depth of compensation zm= 35 km, 

fm= 3. 3 g 
·3 em . fc = 2 . 8 g em "

3 P,. • 3 and J0 = 2.67 g em . The four 
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the!lrttical respunse 

with the response lunctton of Hahta State. 

T11 e r e I S i i t t i e resemblance het\veen the ohserveu anu liie 

theoretical response functions. The obsened response function 

suggests that the topographic features with wavelengths het\veen 

250 and 600 km are apparently '"overcompensated''. In other 

\VO rd S, t h e c omp e n s a t i n g g r a\" i t "':-' f i e 1 d a t these ~~velength 

exceeds the one predicted by the 

(Te = 0 km). 

local c omp ens a t i on mod e I 

This comparison shows that the assumed elastic plate model 

with compensation at the Moho 1s not totallv adequate to 

d e s c r i he t h e way t h e t o p o g r a ph i c rna s s e s a r e c omp en sa t e d 1 n t h i s 

reg1on. The r e a r e me d i urn \Va \ e I eng t h f e a t u r e s o f g r a v i t .v 

anomalies \Vhich correlate with topography and those are not 

adequately accounted for by the 1 i n e a r mode I based on 

compensation only at the Moho. Further departure from the local 

compensation model 1s observed at short wavelengths(~( 200 km). 

Th e g r a v i t y a n om a 1 i e s a n d t o p o g r a ph y a r e u n c o r r e I a t e d a s s h ov.n 

in both the coherency and phase spectra. 

From the four theoretical isostatic re.,ponse functions, i t 

can be observed that the response function at~">lOOO km does not 

h e I p t o d i s c r i m i n a t e t h e me c h a n i sm by v. n i c h t h e c omp e n s a t i on 1 s 

achieved. All curves tend assymptotically to the same value at 

'>.)1000 km. At such long wavelength, the topography wi II a !ways 
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the plate. 

In order to explain the apparent "overcompensation'' observed 

at wave I eng ths be tween 250 and 600 km. 

f o 1 I owed: 

two a p p r o a c h e s c a n be 

1 J Th e f i r s t a p p r o a c h i s tn i n v e s t i g a t e \\11 e t he r the surface 

topographv I S the onlv sourct: of load actinl' on the elastic 

plate and wht:ther the compensation onlv occurs at the \lobo. The 

primary as sumpt 1 on In obtaining the theoretical response 

functions shown in Fig. 3.6 is that the plate IS only loaded 

from the top and that compensation occurs at a single depth, at 

the \1oho. HO\vever, as pointed out by Forsyth (1981.1985) and 

\k1\utt (1983), low rigidities may be obtained if subsurface 

loads such as lateral density variation, low or high density 

bodies which correlate with the surface topography or 

compensation at different depths other than at the \1oho are not 

taken into account In calculating the theoretical isostatic 

response function. Forsvth (1985) obtained the response 

function sho\\11 in Fig. 3.8a by assuming a plate loadeJ both on 

top by the observed topography and at the base ol· the crust by a 

low density bodv such as a crustal root .. .\s the ratio between 

the iffi1pJitude Of the hL)tt0111 load and the <mlp 1 i tude of the 

surface load increases, the response function gradually 

i n c r e a s e s t ow a r d s t h e s h o r t wa v e I e n g t h s . A I o c a I rna x i mum i n t h e 

function IS also observed. The overall shape of the response 

function is very similar to the one obtained for Bahia State, 
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Forsyth ( 1985) 
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F i g . 3 . 8 ( a ) - Th e o r e t i c a I i ~ o s t a t i c r e s p o n s e 
function for loading an elastic plate on 

top and at the Moho, simultaneously. The 
number in each curve is f, the ratio of the 
amplitude pf' the bottom load to the amplitude 
of' t he s u r i' ace 1 o ad . Mn h o a t 3 5 km and p I a t e 
t h i c k n e s s o I' 4 0 km. 

Stephenson & Lambec..,(1985) 

·02 I a·ls 
:1 

k [-.~ ·'l 

l'ig . .\.8(b)- Observed respons~ function 
of centra I Australia and theoret ica I 
response funct 1on predicted by the 
viscoelastic model with J)= l0 23 N m. 
including erosion and in-pi<Jne 
stresses. 



t:\lt:pl i \' r ~ ) 1 0 () \1 J....m I \' r r e <t s (' n " \\ i1 1 l. 11 \\ e r r p r e \ 1 \ 'u " I \ 

lii:-,cusseli. 

2 ) 1 r the s imp I e e I ~~ s t i c p I a t e rheology is not adequate to 

p v n 1 :I ; n t h ~ "'h ,~ a ..-' · .-.. ,! .... .. I'. ... • •• ... L! \... \_j \J .~ \,... l "'- u re;.;ponsc r .. - - .. : - ·-
lliiiLllUII . a mo r e c omp i i c a t e d 

rheologv has t o he c on s 1 de r e d . such a s the v i s c o e I a s t i c mo J e I . 

The elastic plate model can he regarded as a special case of the 

viscoelastic model in which the v1scous re1a:xation time constant 

i s t o o 1 a r g e t o o h s e r \ e ;1 n y r e I a \ a t i o n v-: i t h i n g e o 1 o g i c a I time 

scale or less than 1000 \Ia. The \iscnelastic model has been 

used by Stephenson and Lamheck ( 1985) Ill interpreting the 

isostatic response function of central Australia (Fig. 3.7b). 

I n t h e i r s t u d y . t h e o b s e r v e d r e s p on s e fun c t i on wa s interpreted 

using a viscoelastic model vvith in-plane stresses, erosion and 

viscous relaxation. According to these authors, the in-plane 

stresses are associated with the buckling of the lithosphere 

during a compressional event in the Late Proterozoic (Lambeck, 

1983). The use of t h i s mode I i s pro b I ema t i c due t o t he I a r g e 

nwnber of assumptions which have to be maJe regarding the 

erosional process and the requirement of large in-plane stresses 

being preserved for period of time of 700 \b or more. 

To i n vest i g a t e the sources of departure ol Ra hi a State 

compensation from the elao.;tJc plate rheology cnnsidered so far. 

the first approach 1 s f o I I owed . i n i t i a I step IS to 

c a I c u I a t e t he " i s o s t a t i c " an om a I i e s p r e d i c t e d b v t he o b s e r v e d 

isostatic response function. This may indicate the possible 

sources of the apparent "overcompensation". 
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An obv1ous. but seldom followed procedure is tC1 calculate the 

1sostat1c ancmal 1es using the i in ear response function R( k) 

o b t a i n e d f r om t h e c r o s s - s p e c t r a I a n a I y s i s . Th e g r a v i t v e r f e c t 

predicted bv the observed isostatic response function is then 

s u b t r a c t e d r r om t h e o h s e r v e J a n om a I i e s t o o h t a 1 n the isostatic 

a n om a I i e s ( s e e s e c t i on 3 . 1 ) . The latter are expected to be 

u nco r r e I a t e d v.· i t h the t o p o g rap In . I: i g . 3 . 9 s h 0\\'S t he r e s u I t s () r 

applying the calculated response function to three topographic 

profiles. The results obtained show: 

1) The gravity effect associated with the longest topographic 

v a r i a t i on , vvh i c h d o e s n o t d e f i n e a c omp I e t e wa v e I e n g t h . i s s t i I I 

present In the "isostatic " anomaly field. As discussed In 

section 3. 1 • R( k) I S the spectral representation or the response 

function of a point load V.i1 i c h i s both s ymne t r i c a I and real 

function. Therefore, R(k) is also svnmetrical. By convolving 

R ( k ) w i t h t he top o g rap h y , t he pre d i c t e d g r a\' i t y f i e I d t end s t o 

look nearly symnetrical; 

2) The isostatic response function has been derived from the 

c o r r e I a t i on o f t o p o g r a ph i c f e a t u r e s a n d n e g a t i v e a n om a l i e s such 

a s s h own i n p r o f i I e 1 2 . 0 S . Th e two q u a n t i t i e s a r e i n ph a s e a n d 

their wa\elengths ('A= 400 km) coinciJes where an apparent 

"o v e r c omp ens a t i on., I s o b s e r v e d ( F i g . 3. 5). For topographic 

features with/\<250 km, such as the one presented 1n the 

p r o f i I e 1 3 . 5° S . n o s i g n i f i c a n t c omp e n s a t i n g g r a v i t y r e s p on s e i s 

observed. 
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Gravity anomalies 

Observed 

~"Isostatic" 

Compensation 
(I i near model~ w 

200 krn 

[ •Omgal 

F i g . 3 . 9 - " I s o s t a t i c " a n om a I i e s p r e d 1 c t e d by c o n v o I v i n g 
the topography and the observed response 
function of Bahia State. 



s \~n11e t r v o 1· b l' t h t he r e s p on s e fun c 1 1 l' n " n d 

d e r i Y e d .. 1 s o s t <J t i c .. <J nom a I i e s . t h e r e s u I t s a r e no t particularlv 

helrful 1 n finding out the sources of the <.~pparent 

"oyercompens<Jtion". If the compensattng gravi tv effect 

predicted by the simple elastic model could be separated from 

the observed gravi tv r i e 1 d, then the source of the 

'\1vercumpensation" mav he more easi lv identified. This can be 

d 0 n e e i t h e r b v c o n Y 1) l\ i n g t h e t h e<• r e t i c a I r e s p o n s e f u n c t i o n w i t h 

the topography. as carried out previouslv, or by solving the 

" f' o nva r d " p r o b 1 em . The 1 a t t e r c on s i s t s i n loading an elastic 

plate with the observed topography, calculating the deflection, 

for instance at the ~oho, and estimating the associated gravity 

effect. 

As demonstrated before, the convolution technique has the 

d r av,rb a c k o r g e n e r a t i n g a r e 1 a t i v e I y s :ynme t r i c a I g r a v i t y f i e l d 

a r o u n d t h e 1 o a d . Th e r e f o r e , t h e " f o rwa r d " p r o b I em h a s b e e n u s e d 

instead. This · p r o b 1 em h a s a I r e ad y be e n f o mm I a t e d \Vh en 

obt<Jining the response function prtdicted by the elastic plate 

mode I . The deflection of a thin elastic plate in equilibrilll11, 

1 s g 1 v en by t h e J i f f e r e n t i a I e q u a t i on ( 9 ) . Th e d e f 1 e c t i on \\-{ x ) 

i s wr i t ten i n the wavenumber d om a in as 

H(k) =Fourier transform of h(x) the 

surface topography; 
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.fo ~ d e n s 1 t \. n i t h e ' u r I et c e I , ) a d : 

6f mantle densJt\'- crustal densitv; 

I) flexural rigiditv: 

g g r a\. i tv 

The Jeflect1on ol' t he \to h o w( x J i s o b t a i ned h v c a I c u I a t i n g 

the i Il\ e r s e F o u r 1 e r t ran s I' o rm or \\1 k ) . Th e u n e d i me n s 1 on a I 

gravitY el'f'ect 1s accuratelv computed using the method proposed 

bv Parker (1972) and it 1s gi\en bv 

\\here 

G( k) k""
1
F [ w" J 

n! 

z m i s the me an d e p t h or the \1o h o . 

F[w"] F o u r i e r t ran s form or the n - t h p owe r 

topography 

\I rna x i mW11 o r d e r o f t h e s e r i e s 

Th i s p r o c e d u r e \\·a s a p p I i e d t o f o u r t o p o g r a ph i c p r o f i I e s a n d 

the calculated Bouguer anomalies are shoVvn Ill Fig. 3. 10. 

t o g e t he r w i t h t he t o p o g r a ph v a ml t h e o b s e r v e d g r a v i t v an om a I i e s . 

The assLm1ed values t'or the elastic plate model were: Zm= 35 km, 

ll.f = (). 5 •3 g em ; ·3 fa = 2 . 6 7 g em , \1 = 5 , 

a n J T e = 0 , 2 0 a n d 4 0 km . Th e c omp u t e r r o u t i n e u s e d t o c a I c u I a t e 

both the Jeflection of the \1oho and its gravity effect is listed 

in Appendix B. 
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-1 ( J km on I v a 1" I' e c t s the results hv a rev. millil1al. This 

procedure gave more useful conclusions. The results a r e 

pre sen t e J i n F i g . 3 . 1 () a !lll the v a r e s LUlllla r 1 zed as f o I l ows : 

1 ) The reg i on a I c omp one n t of the observed gravity field i s 

larg.elv predicted b\ lo<1di11g the elastic plate with the observed 

t (1 1w g r a p hv , i n J e p e 11 J e 11 t l1 I t h e r 1 g i d i t \' o f t h e p I a t e ; 

2 l I (l r the \\estern hall ul the 11.5°S and 12. 0 S profiles. the 

o h s e r v e J Bo u g u e r a 11om a I 1 e s a r e significantlv I ower than the 

c a I c u I a t e d a n om a I .v . \Vh e r e a s t h e r e s i d u a I s a r e i n t h e o p p o s i t e 

s e n s e r o r t h e two s o u t h e r n p r o r i I e s ( 1 2 . 5 ° S a n d 1 3 . 5 ° S ) . Th i s 

discrepancy i n the Bo u g u e r an oma I i e s a t the we s t e r n p a r t of the 

profiles is caused by the NS variation of the gravity field. 

within the Sao Francisco basin, as shov.·n in Fig. 3.4, section 

3. 1 ; 

3) The calculated regional gravity field is associated with a 

p r o g r e s s i v e I y s h a I I ow i n g o f t h e Mo h o t ow a r d s the east, if no 

lateral density variation occurs 1 n t he c r u s t . I lowe v e r , i t 

appears that the estimated relative shallowing of the Moho 

( - . .J. 5 km) f r om t h e c e n t r e o r t h e c r a t on t ow a r d s t h e c on t i n e n t a l 

rna r g 1 n i s no t enough t o a c co u n t for the observed positive 

g r a v i t v g r a d i e n t o r 0 . 2 rrG a I / km . The eastern end of the 

p r o 1· i I e s . n e a r t h e c on t i n e n t a I ma r g i n . p r e s e n t s a s t e e p p o s i t i v e 

Bouguer anomal'i gradient because of the proximity of the 

continental-oceanic crust boundary. In particular, this part of 

the Brazilian continental marg1n 1s relatively narrow. The 

transition from the continental crust to ocean1c crust occurring 
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\V 1 t h i n a d i s t a n c e o r a b o u t 50 km r r om t h e c o a s t I 1 n e ( R a b i n ow i t ;_ 

and Cochran. 1978). \Vhilst the gravity measurements near the 

coast i n d i c a t e a ma j o r v a r i a t i on i n t h e t h i c k n e s s o f t h e c r u s t , 

the equivalent topographic (bathymetry) variation occurs further 

to the east. The proximity of the continental margin was not 

taken into account i n c a i c u i a t i n g the camp ens a t 1 n g g r a vi t y 

effect by loading a continuous plate with the observed 

topography. 

I n o r d e r t o e s t i rna t e wh e t h e r t h i s I i m i t a t i on i n t h e d a t a 

explains part of the "overcompensation" at ~=400 km, a 

calculation of the response function was carried out by 

replacing the actual gravity gradient with the one predicted by 

loading the elastic plate with the observed topography. The 

results show that the response function is slightly amplified at 

wavelengths between 100 and 200 km, from 0.01 to 0.02 

rrGal/metre. 

km. This 

However, no significant change is observed at ~=400 

means that the source of "overcompensation" ts 

situated tn the centre of the Sio Francisco craton. 

3.3 The Surface and Subsurface Loads 

3.3.1 Thickening of the crust 

The f i r s t mode 1 

places the load 

to explain the apparent "overcompensation" 

at deeper levels, possibly at the 
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Moho. Such load might be a relative thickening of the crust 

beneath the Espinha~o Fold System, wtl i ch resulted from 

compressional events In the Middle Proterozoic. 'This 1 ow 

density "root", which IS not assoCiated With the surface load, 

responds isostatically producing the topography from below. 

This type of subsurface load has already been discussed by 

McNutt (1983) and Forsyth (1985) in which the elastic plate IS 

loaded on top and from below, with the subsurface load situated 

at the base of the crust. lbe theoretical isostatic response 

function is written as (Forsyth, 1985) 

... 
I< I k I= - 2 "jo G e x p ( - k z m) 

where W(k) spectral representation of 

H(k) 

the topography created from below 

spectral representation of the 

topography on top of the plate; 

+ (0 k4 I Af g) 

+(D k4 I fc g) 
fm = rna n t 1 e d ens i t y 

.Pc= crustal density 

Af = fm - fc 

This analysis allows for both subsurface and primary surface 

loads. The ratio of the weight of the applied load at the Moho 
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I I I I . ·' I . . W D1t:..p t1e oac app 1eu at t1e sur!ace IS r=-----=~ 
f(l II 

to the we1ght of 

The results obtained by Forsyth (1985) for a 40 km thick 

elastic plate and different values of the ratio rare shown in 

rig. 3.ii. The curve for r= 3 agrees best with the observed 

response function. The subsurface load IS, therefore, 

relatively more important than the actual surface load. The 

average altitude at the centre of the Sao Francisco craton 1s 

about 800 metres. For r=3, the average thickening of the crust 

b e n e a t h t h e E s p i n h a c;o F o I d S y s t em wo u I d be e s t i rna t e d a s 3 - 4 km 

to account for the observed topography. 

3.3.2 Near surface mass deficiency 

An alternative model to explain the observed isostatic 

response function of Bahia State, which does not exclude the 

previously discussed model, aillnits the subsurface load to be 

situated near the surface. 

The topographic features observed in the EspinhaGO Fold 

System are situated in the region of widespread acid volcanism, 

granite intrusion and a relatively thick accumulation (2-3 km) 

of metasediments. Th e r e f o r e , c omp e n s a t i on o f t h e surface 

t o p o g r a ph y 1 s p a r t i a I I y a c h i e v e d w i t h i n t h e u p p e m1o s t p a r t o f 

the crust. If the lithosphere behaves elastically, part of the 

topography 1s actually created as a flexural response of the 

plate due to the buoyant effect associated with low density 

rocks within the upper crust. In order to evaluate whether this 

67 



., 
E 

IV 
1.::1 
E 

-0.14 

-0.12 

c -0.10 
0 .. 
I..J 
c 
:::) -0.08 -Qj 

"' g -0.06 
c.. 

"' Qj 

a:: - 0.0 4 

- 0.02 

10 

WAVENUMBER 1 km1
) 

1 
-2 

103 

WAVELENGTH I kml 

Fig. 3.11- Isostatic response function predicted by an elastic 
plate loaded on top and at the base of the crust 
(crustal thickening). Effective elastic thickness 
is Te- 40 ~.The curves are for different 
r a t i o s be twe en t he;-.; u r f a c e a n d s u r fa c e I o ad s . 

Sv-, 



(I 

h v p o the s i s rna y a I so ex p I a i n t he o b s e r v e d i so s t a t i c r e s p o 11 s e 

function of Bahia State. the distribution of loads shown in Fig. 

3.12 is analysed. 

The observed topography is composed of an elevation created 

at the time of mountain fom1ation and topography created from 

with i 11. The density upper crustal density i s a s s ume d t o be 

lower than the average density of the crust Cfc)· Considering a 

t h i n e 1 a s t i c p 1 a t e mod e I , t h e t o t a I d e f o rma t i on \V{ x ) a t t he b a s e 

of the crust wi II be the combined effect of the deformation 

caused by the low density body within the plate and the 

deformation caused by the surface load. 

The equation of deformation of an elastic plate loaded on top 

by h(x), in the wavenumber domain is 

where 

and 

D k 4 W, ( k) + Af g W, ( k) = fa g H( k) 

~j= .fm- fc dens i t y con t r as t be tween 

16 
H( k) 

w, {k) 

mantle and crust 

density of the load 

Fourier transform of h(x) 

-1 

~ [1 +(D k 4 IAfg~ H(k) 
Af 
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Pc 

Pm ~\I( X) 

l'ig. 3.12- System of surLt<.:e and subsurface loads in an 
e 1 as t i c p 1 a t e mode 1 . fc = crus t a I dens i t y ; 

fm = rna n t 1 e dens i t y ; f 1 = dens i t y of the subsurface 
load; Po= density or surface load; h(x)=topography 

P of the surface load; b(x) =depth of the subsurface 
load and w(x) =Moho deflection. 



II 

Th e d e r 0 rn1a t i () n e X p e c t e d i r t h e p I a t e i s I (l a d e d r r om \V i t h i n 

IS 

-A~ g H( k) 

where 

B(k) =Fourier transform of b(x), 

the depth of the I ow density 

body. 

The d ef o rma t ion W2 ( k) 1 s wr i t ten as 

-1 

W2 ( k) =--$ [ 1 + (D k 4 I fmg )] B( k) 

9m 
( 1 1 ) 

The total deformation ¥4k) IS obtained by combining these two 

systems of loading. The gravity effect due to the total 

deformation at the Moho and the internal negative density 

contrast is written as 

_ ~(1 + D k4
).

1

B(k)]} 
fm Afg 

( 12) 
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The r i r s t t e m1 () f G T ( k ) i s a I i n e a r a r r r 0 X i ma t i 0 n () r t he 

gravitv effect of the ICM' density body, \\hich is reasonably good 

since features with wavelengths over 200 km are considered 1n 

the present study. Rewritting (12) as 

-211 GAp, [1- ~(1+ D k4
).

1 
exp( -k Zm)J B(k) -

Pm 6fg 

( 

-1 

- 211 G exp(-k zm) fo 1+-.!LL) H(k) 
.Pm g 

and writting the total observed topography as 

T(k) 

the isostatic function is estimated as 

Substituting B(kl with (11) 

Ql 

Q '"' -2 II G f 0 exp( -k 

cont. 
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2 II () 1 fm ( 1 + D k 
4 

) - .6 p ex p ( - k 

_ Pm g 
l.m)( ~ W T•.) 

j <....T Tct-/ 

Q2 

Th e t e rm Q 1 o f t h i s e x p r e s s i on f o r Q 1 s a p p r o x i rna t e I y t h e 

response function of a plate loaded from the top. However, T(k) 

c on t a i n s \\~ k ) , t h e t o p o g r a ph y v.,tJ i c h i s c r e a t e d f r om be 1 ow, a s a 

r e s p on s e o f t h e n ega t i \' e d en s i t y c on t r a s t w i t h i n t h e p I a t e . The 

t e m1 Q2 i s the response a s soc i a t e d w i t h the i n t e rna I I oad and 

its compensation. 

total observed topography. 

'The term Q2 depends on k 4 . Therefore, unless the term 

goes to zero as k~oo. Q2 will tend to infinity. In practice, 

B(k), and consequently \V2 (k), is band limited. For the present 

c a I c u I a t i on . t h e s p e c t r a I r e p r e s e n t a t i on o f t h e d e f o rma t i on w( x ) 

was tapered to zero for ~<200 km to avoid the amplification 

caused by the term Vv'hich depends on k 4 
. Fig. 3.13(a,b,c) show 

the response function for three effective elastic \hicknesses 

(Te= 20, 40, 80 km). The dens i t y con t r as t between the I ow 
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density bodv and the crust was asstm1ed as 
·3 

-0. J g em The 

curves are g1ven for different ratio r benveen the topograph:v 

produced from below and the total observed topography at the 

surface. 

There 1s a better agreement between the observed response 

function and the response function predicted by the new model, 

for a 30-40 km thick elastic plate in which 40% of the observed 

topography IS produced from within the plate (Fig. 3.13a). For 

an elastic plate 20 km thick, the ratio W2 T'*/ T T
10
decreases to 

0. 2 or 200'o (Fig. 3.13b). ·n1is near surface source of 

" o v e r c omp e n s a l i on " c a n on I y e x p I a i n t h e o b s e r v e d i s o s t a t i c 

response function at wavelength shorter than 300 km. 

Considering that the average altitude of the Espinha~o Fold 

System 1s about 800 metres above sea level, the topography 

created fromwithin, for a 40 km elastic plate, 1 s about 320 

metres. A thickness of 10 km of low density rocks (density 

c on t r a s t - 0 . 0 1 g em "3 ) w i t h i n t h e u p p e rmo s t p a r t o f t h e c r u s t i s 

necessary to produce such uplift. This figure is obtained by 

using the expression (11) and such thickness of low density 

rocks is corrmonly associated with granitic batholiths. However, 

a 20 km thick elastic plate \Vith r=0.2 may also explain the 

observed response function as well as a 40 km thick elastic 

plate. In this case the minimunJ thickness of the internal load 

required to produce 160 metres of uplift from within is about 5 

km. This particular model ascribes a relatively low flexural 
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rig1dity to an old Protero;oic region. An apparent low flexural 

ng1d1ty can be obtained in ancient cratonic regions if enough 

stress relaxation occurred after the formation of the mountains. 

Granite intrusion and fauit1ng could be part of such process. 

Radiometric dates (Tavora et al., 1967) suggest a thermal event, 

possibly associated with granite intrusion and faulting in the 

late Proterozoic (900-500 Ma). therefore after the EspinhaGo 

orogeny which defined the ma1n topographic features 1n the 

r e g i on . La s t I y , F i g . 3 . 1 3 c shows t h e r e s u I t s f o r an e I a s t i c 

plate with Te=80 km. In this case, a minimwn of 60% of 

topography created from within ( -480 metres) is required to 

explain the observed response function. A minimwn thickness of 

17 km of low density rocks in the upper crust is necessary to 

produce such uplift. 

This near surface low density subsurface load does not 

predict ti1e peak at ?-. = 400 km. 

3.4 Discussion 

The results of the application of the response function 

technique to the gravity and topographic data of the northern 

Sao Francisco craton firstly show a lo"\\· isostatic response and 

an equally low coherency between topography and Bouguer anomaly 

at wavelengths shorter than 300 km. These results suggest a 
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strong I i thosphere which supports 

without significant deformation. 

sma II topographic features 

An apparent "overcompensation" at :A= 400 km in the observed 

response function can only be interpreted, in the context of the 

elastic plate rheology, if subsurface loads are taken into 

account. A comparison between the observed response function 

with those predicted by an elastic plate with surface 1 oad and 

compensation at the Moho shows no satisfactory agreement 

regardless of the flexural rigidity. Th i s con f i rms F o r s y t h ' s 

suggestion that law flexural rigidities obtained for continental 

lithosphere, using the isostatic response function technique, 

may have resulted from dismissing sources of compensation other 

than at the Moho and by assuming that the observed topography is 

the only load acting on the plate. 

Two subsurface loads which may explain the isostatic response 

function of Bahia State were considered. Firstly, a low density 

subsurface load at the base of the crust which is represented by 

a thickening of the crust beneath the Espinhaco Fold System. 

This subsurface load together with a partial surface load, 

p r e d i c t s e q u a 1 1 y we 1 1 the observed response function both at 

short and 1 ong wave 1 eng ths, and 

"overcompensation" at'A= 400 km. 

In particular the apparent 

The second subsurface load considered is based on the 

geological and gravity evidence (see Otapter 4) that the 
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Up p e f!110 S t p a r t 0 f t he C r U S t I n t he E s p i n h a<.; o F ol d S :v s t em 1 s 

composed of 5 to 10 km of low densitv rocks, mainly granites, 

subordinate acid volcanics and low-grade metasediments. 

Theref"ure, 1r 1s very likely that a substantial fraction of the 

o b s e r v e d t o p o g r a ph :v i s c omp ens a t e d a t s h a I l ow depths . However, 

this second subsurface load alone does not predict the peak in 

the response function at 'A= 400 km. It is thus possible that 

two t y p e s o f s u b s u r f a c e I o a d s , a s I i g h t t h i c k e n i n g o f t h e c r u s t 

and near surface mass deficiency, may be present in the centre 

of the northern Sao Francisco craton. Both subsurface loads 

contribute to create the topography as a flexural response. 

Th i s a p p e a r s t o be a c omno n s i t u a t i on 1 n c on t i n e n t a 1 a r e a s wh e r e 

high topographic terrains are associated with low density 

granitic intrusions. Combining these two subsurface loads, an 

elastic plate with effective elastic thickeness as high as 40 

km, may explain the way the topography is compensated (or 

created) in this old cratonic area. 

Evidence of an overprint of late thermal events and normal 

faulting suggests that stress relaxation could have occurred 

after the emplacement of the topographic masses and crustal 

de format i on . Erosional processes have not been taken into 

account in the simple elastic plate rheology considered in this 

s t u d y . ·n1 e s e c omp I e x i t i e s t o g e t h e r w i t h t h e 1 a c k o f i n f o rma t i on 

on the relative importance of the two subsurface loads required 

to explain the observed isostatic response function only allow 

us to define a lower bound of the effective elastic thickness to 

be situated between 20 and 40 km. 
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(] Lli.PTER .:t 

G r a v 1 tv S t u d v of the P a ram 1 r 1m C omp I e x Gran i t e 

~large negative Bouguer anomal\. trending\\\\'. is found at the 

centre of Bahia State (!'ig. 2.-ll. Th1s anomal\ cnvers an area of 

apprnximatelv 60 km (e;Jst-west) hv 200 km (north-south). A 

d e t a 1 I e u Bo u g u e r an oma 1 y ma p o r t h e a r e a c on c e r n e d i s p r e s en t e d 1 n 

Fig. 4 . 1 a . Th i s same map i s pre sen t e d i n F i g . 4 . 1 b t o g e the r w i t h 

the same scale geological map. The amplitude of the anomaly 1s 

about -.. w to -50 rrGal and its main axis parallels the Espinha~o 

f o 1 d be I t . The an om a 1 y h a s a s t e e p g r ad i en t r e a c h i n g a t I e a s t 2 . 5 

rrGa I /km. Th e m 1 n 1 mlll11 o r t h e a n oma 1 y 1 i e s a 1 on g t h e we s t e r n s i d e 

of the Paramirim complex bordering the metasediments of the 

Espinha~o fold belt. Near the latitude 13.5° S, the minimlll11 of 

the a noma I y 1 s s h i r t e d t ow a r d s the centre or the Paramirim 

complex. To the nor t h the an oma I :v t e rm i n a t e s at 01 i v e i r a do s 

Brejinhos citv. The south end has a gentle gradient and it 

extends southwards to Lagoa Real citv in the Gaviao block. The 

e a s t e r n I i m 1 t 1 1 e s a t the con t a c t be t\ve en the P a rami r i m c omp I ex 

anu t h e I ) i <m1a n t 1 n a t a b 1 e I a n d me t a s e d i me n t s . ( }n t h i s s i d e , n e a r 

I b i pi tang a c i tv , the occurrence of a po s i t i \ e an oma I y I o c a I I y 

disturbs the \\W t rend i n g g r ad i en t . ll1 e we s t e r n I i m i t co i n c ide s 

w i t h a ma j o r \\\V o r i e n t e d n o rma 1 f a u I t wh i c h e x t e n d s c on t i n u o u s I y 

a I on g t h e e n t i r e we s t e r n s i d e o f t h e E s p i n h a ~ o f o I d be I t . 
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Fig. 4.1h- Bouguer and geological maps of the Espinhac,o Fold System. 



4.1.1 The Lsptnhac,o Fold Svstem and its sub-regions 

A brief outline of the geology of the Esp1nhac,o Fold Svstem IS 

presented 1 n (~hap t e r 2 . s e c t i on 2 . 2 . 3 . A g eo 1 o g i c iJ 1 map of t h i s 

reg1on IS sho\\11 in Ftg . .:1.2. which hils been modified from the 

1:1.000.000 scale map nl B~1hiu State (lnda and Barbosa, 1978). 

The Espinhac,n Fold Svstem is suhdt\ided tnto six sub-regions. The 

Archean sub-regions include the P a rami r i m, Cia v i ii o and Gu an amb i 

complexes and the Lagoa ~eal reg1on. These terrains were later 

affected bv Lo\ver and 'v1iddle Proterozoic events, mostly igneous 

intrusion. In the Middle Proterozoic. in t r a craton i c tectonic 

events f o nned the EspinhaGo fold belt and the Diamant ina 

tableland. 

The bas erne n t of t h e (}a v i a o b I o c k 1 s composed of Archean 

gneisses. mih•matites and plutonic rocks (granodiorites. monzonites 

and svenites). Volcanic-sedimentary complexes (schists, 

quartzites and iron banded quartl.ites) are extensivelv found In 

t hI S region which I S regarded as part or a greenstone belt 

( 'v1a s c a r e n h a s . 1 9 7 3 ) . II i g h g r a d e me t<uno r ph i sm c h a r a c t e r i z e s the 

mi gma t i t e s and gneisses. Th e r e g I \) 11 \\ a s a r r e c t e d by t h e 

T r a n s am a z on i a n o r o g e n 1 c cv c I e ( 1. 8 - 2 . 2 G a ) . The structural 

pattern of t h e G a v i a o b I o c k i s v e r .v c omp 1 e x , w i t h o v e r p r i n t s o f 

s e v e r a I d e f o nna t i on a I ph a s e s . Th e y o u n g e s t a g e s o f a r o b s e r v e d 1 s 

Lower Proterozoic suggesting that this region remained isolated 
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\,l the l:spinhc~c,,, 

F o 1 J S v s t em. 

The s <mle a~ e r a t t e r n i s (i h s <" r v e rl ! n r he <lu c' n il.!nb i c omp! ex . Th i s 

ill'ea nr exposed Archean basement IS situated to the west of the 

J: s p 1 n h a ~ u f o I d be I t ( l'i g . 4 . 2 J and i t 1 s e s sen t i a I I :v c omp o s e d of 

gneisses and migmatites ol granulite ;1nd <m1phibolite facies 

(Barbosa and Costa. 1973). \IIgm<JtJtes uf intermediate composition 

a r e t he d om i nan t I 1 t h o I n g v and t he s e d i s p I a v a c omp I ex s t r u c t u r a I 

pattern. The I as t maJor me t <m1o r ph i c and tectonic event 1n this 

region occurred In the Archean at 2.6 Ga (Cordani 
' 

197 3). In the 

Lower Proteroi'.oic ( 2. 0 Ma). a large circular syenitic body 

intruded the Guanambi complex southeast or the Born Jesus da Lapa 

citv (Fig. 4.2). 

Between the Espinhac,o fold belt and the Diamantina tableland, 

there is a zone of Archean basement. t h e P a r ami r i m c omp l e x . 

According to Jardim de S~ et al. ( 1 9 7 6 a ) . t h e P a r <m1 i r i m c omp I e x 

is composed of gneisses and migmatites or granodioritic and 

tonalitic composition \\11ich are dated at 2.6 Ga. The metamorphism 

or h i g h amp h i b o I i t e fa c i e s i s a I so Archean . Intrusive granitic 

b o J i e s a r e ' e r v c onmo n . Potassic granites are subordinate in the 

c nmp I ex. L x c e p t i on s a r e t h e i s ,J t r up i c r eml> b i I i z e d h- r i c h g r an i t e s 

\Vil i c h o u t c r o p t o t h e \Ve s t o f t h e P a r ami r i m c i t v . 

The s t r u c t u r a I p a t t e r n or the P a rami r i m c omp l ex rocks show an 

apparent overprint or at least two deformational phases. The 
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(I 

,,lder S-pl<~ne IS "h ()\\ ll 111 the ll'ldt·d handed gnetsses .Jild 

m i gma t i t e s . The isoclinal folds do not p r e s e n t a n v J um 1 n a n t 

nrtentation. The vounger (Middle Proterollllc')l S - p I a n e , \\'il 1 c h 

trends IS exl.ensivelv in t h c ,., 1'\t_,...,,..... 1 0 ,. 
\,..\.)Jilt./1 .... • \. On!v the 

J..;-rich granites south o f t h e l a t i t u J e 1 3 . 5° S we r e no t a r I e c t e J 

b V t h e d e f n rma t I 0 n . 

Between the southern Paramirim complex and the northwestern 

h () r J e r () r the (;a\' i a 0 b I () c k . an 0 the r s e h'111e n t 0 f Arch e an t e r r a i ll I s 

o b s e r v e d . Th i s r e g i on i s i J en t i f i e d a s t h e Lag o a R e a l reg1on 1n 

F i g . 4 . 2 . The b a s erne n t or t h i s c omp I ex 1 s c omp o s e d o r p I a g i o c l a s e 

and microcline gneisses. with widespread inclusion of albitite 

v e i n s a n d i n t r u s i on o f g r a n i t i c bod i e s . Th e o c c u r r e n c e o f u r a n i urn 

mineralization is associated with veins of albitite. 

A thick accumulation of sediments took place on both sides of 

the Paramirim complex, during the Espinhac,o orogen1c cvcle \Vhich 

lasted from 1.7 to 1.3 Ga (Jardim de S~. 1981 and listed 

references). Deformation and metamorphism of the sediments 

occurred at the end of this cvcle at about 1.3-1.2 Ga (Jardim de 

Sa et al., 1976a). The metasediments of the Espinhac,o fold belt 

were s t r on g I v f o I d e d . v..· i t h we s twa r d \. e r g en c e . \vh e r e a s t h e 

metasediments in the western border of the Di;m1ant ina tableland 

are less folded and they- present an eastward \ergence. The 

d e f o rma t i on and t h e d e g r e e o f me t amo r ph i sm . w i t h i n t h e we s t e r n 

Diamant ina tableland, decreases fromwest to east. As described 

in Chapter 2, the Middle Proterozoic upper sequence (Chapada 
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Ill the T111rthern part ,,1 tile 

t a b I e I and . il b o v e the I a t i t u d e 12.5 ° s. Th e s e d i me n t s o I thiS 

s e y u e n c e p r e s e n t n o me t <U11Cl r ph i sm n o r d e f o rma t i on . ~ ew t e c t on i sm 

followed the end of the Esp1nhac,o orogenv. with nom1ai f'<~uitin~ iii 

the northern part of the Espinhac,o foldbelt. 

Th e E s p 1 n h a c, o F o 1 d Sv s t em r em a i n e d u p I i f t e d during the 

subsequent lpper Proter,JI.oic sediment<Jtion \\11ich occurred in the 

Sao Francisco basin t11 the \vest and in the Lenc,ois basin to the 

east. A thin blanket of Ce no z o i c sed i menta t i on occurs to the 

n o r t h o f t h e E s p i n h a c, o F o I d S y s t em . Th e t h i c k n e s s d o e s n o t e x c e e d 

50 metres. 

4 . I . 2 Th e a c i d v o I c a n i sm a n d g r a n i t i c i n t r u s i on . 

Acid volcanics are observed at the eastern border of the 

Espinha~o fold belt and at the western side of the Diamantina 

tableland. 

tableland. 

The .v c on s t i t u t e t h e b a s a 1 s e lJ u e n c e o r t h e )) i <Ulla n t i n a 

In the Espinhac,o fold belt, the volcanics are found at 

t he con t a c t be tween the me t as e d i men t s and t he P a rami r i m c omp I ex . 

Granites are described as widespread 

complex. 

1n the southern Paramirim 

Th e o r i g i n o f b o t h t h e a c i d v o l c a n i sm 1 n t h e E s p i n h a c, o f o I d 

be It /Diamant ina tableland and the granitic intrusion 1n the 

P a r am i r i m c omp I e x h a v e b e e n d i s c u s s e d by \k R e <1 t h e t a I . (1981) 

and Jardim de sa: (1981). 'n1e composition of the major elements in 
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I n t h e I) i <Ulla n t i n <J t <J b l e 1 a n d , t h e a c i d v o l c a n i c s be I on g t o t h e 

R1o dos Remed1os group. \Vhlcll were extruded Lluflng the 1 n i t i a i 

stages of the \1iddle Protero1.oic sediment<Jtion (1.8-1.7 Ga). This 

group IS found along the western border of t h e ]) i am a n t i n <J 

t :1 h l e l a n d ( I · i g . 2 . 1 3) . It extends for <.~bout 150 km and the 

thickness re<.~chs up to 2.5 km 111 some places. \lc I~ e ;1 t h e t a l . 

( 1981) describe the sequence <Js composed of d<Jc i tes and 

rhyodac i tes of tholeiitic affinity. These rocks were 

metamorphosed (greenschist facies) and deformed at the end of the 

Espinha~o orogeny (1.3 Ga). 

The volcanics of the Espinha4o fold belt are rh.volites and 

trachvtes, with thickness ranging between 100 and 350 metres. 

They are possibly post-tectonic, according to 1(/Ar dates (1100-

850 \b) obtai ned b_v Tavora e t a I. 

been observed in these rocks. 

(1967). \1etamorphism has not 

The g ran i t e s 'J.h i c h i n t rude t he P a rami r i m c omp I ex a r e s l i g h t l y 

more acid than the volcanics. as sho\\TI in Table 4.1. lsing the 

Rh/Sr method Jardim de Sj et al. ( 1 9 7 6 h) h a\ e d a t e d some g ran i t e s 

from the southern Paramirim complex at 1530! 33 \band 1087'!: 27 

\ta. I lowe v e r . Ta v or a e t a 1 . (1967) have also dated two 

n on - f o 1 i a t e d g r a n i t e s f r om t h e b a s eme n t ad .i a c e n t t o t h e E s p i n h a 4 o 

fold belt at the latitude 12° 45' Sand they obtained K/Ar ages 

'J-11 i c h range from 815 to 400 \ta. These voung ages have been 
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Acid volcanics 

Diamant ina Espinhaco 
tableland fold belt 

69.41 67. 53 

Monzonitic granites 

Paramirim 
complex 

0.52 0. 49 Ti 0 2 0 25 

12.92 13.48 

5.03 5.76 

0.14 0.14 

0.67 0.36 Mg 0 0 51 

2.06 0.09 

3.46 3.88 

4.74 7.38 

0.19 0.06 

Table 4.1- Average abundance of major elements in the acid volcanics 
of the Espinha<;o fold belt, western Diamantina tableland 
and granites of the Paramirim complex. Froml\lcReath ~­
( 1981 ) . 



i n t e r p r e t e d ;1 " I ;1 t e t he rma I event-; \\htcil alfected this ret', 1 (\n 

during the Brasiliano orogenic cycle (900- 500 \1a). 

The nwnber ol r ad i orne t r i c dates and the geological 

understanding of t hi s reg1on are sti I I very poor. Jardirn de Sa 

( I 9 8 1 ) s u g g e s t e d t h a t t h e r erno h i I i z a t i on o f t h e P a r ami r i m c ornp I e x 

w i t h g ran i t i c i n t r u s i on wa s sv n c h ron o u s vv i t h the a c i d v o I can i srn i n 

the western ])t<m1an1 ina tableland. possibly derived from crustal 

a n a t e x i s . Th i s \ o I c a n i sm ma v h a v e n c c u r r e d a t t h e e a r I y s t a g e s o f 

the Espinha~o orogenic cycle. 'v1etamorphism and deformation of the 

volcanics and metasediments are both dated at I . 3 Ga. The 

non-metamorphosed acid volcanics. \\11ich occur ln the northern 

J:spinhat;o fold belt. are possiblv post-tectonic. 

4.2 Aeromagnetic Data 

An aeromagnetic sunev was carried out by the Hra;.ilian Mineral 

Production Department (D!\1~1/CP~\1- Brazi I) and it covers almost 
IFi g./ 3o I 

t he \vilO I e E s p i n h a~ o F o I d S v s t em. Mag n e t i c an oma I y of the s arne 

a r e a I e x t e n t a s t h e g r a v 1 t y a n oma I v 1 s n o t o b s e r v e d . However, 

s h o r t \Va v· e I eng t h rna g n e t i c a noma I i e s o c c u r o v e r the Paramirim 

c ornp I e x an J a r e mo r e cons p 1 c~ us I v d n e I oped n e a r its western 

houndarv close to Espinha~o mountain chain, thus coinciding wi t h 

t h e p o s i t i on L1 f t h e m i n i mwn o f t h e g r a v i t y a n om a I y . A c c o r d i n g t o 

Jardim de Sa' e t a I . (1976h). petrographic evidence such as 

epidote and feldspar recrystal ization are indicative of more 
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l:i~·.· .J.3a- Aeromagnetic map of the Espinha<;o Fold System. 
Data source D!\ll!VI/Br;tzi I. 
Total component of the geomagnetic field. 
Contour interval 50 nT. 
The d it shed 1 i n e i n d i c a t e s the con t a c t be twe en 
t h e me t a s e d i me n t s a n d t h e c r y s t a 1 I i n e b a s erne n t . 
Cities as named in l'ig. 4.1aand P-P' is the profile 
presented in Fig. 4.4 



intense r emt til 1 I 1 1 ;1 t 1 t' n \' I the h;tsement ;t\ the eastern border tli 

the l:splnh<tc,o !·old helt. I: i g . '-1 . 3 h r r e s e n t .~ t h e a e r om a g n e t 1 c a n d 

g eo I o g i c a I mars e-n the same s c a I e . 

A large magnetic anomalv. to the south or he Botupora city, 1s 

a I s o s i t u a t e d a I o n g t h e P a r am i r i m ma g n e t i c a I I v d i s t u r b e d r e g i o n . 

Th i s ma g n e t 1 c a nom a I v h <t s r e Y e r s e d r o I a r i tv ( n e g a t 1 v e i n t h e n o r t h 

and positive I n t he s () u t h ) . \\ i1 I c h i s 0 p p 0 s i t e t 0 t he p 0 I a r i tv 0 r 

an a noma I Y induced nver a magnetic bodv 1 n the southern 

h em i s ph e r e . The m1n1mlm1 Is ah()ut -300 nT and the maximtm1 is 150 

n T . Th e a n om a I v 1 s s i t u a t e d a t t h e r e g 1 o n wh e r e I a r g e a n d 

circular granitic bodies were reported bv Jardim de Sa et al. 

(1976b). It extends southwards and t e m1 i n a t e s a t the contact 

be t'.ve en t he g ran 1 t e s u n d the G a v 1 a o b I o c k . The neg u t i v e mag n e t i c 

a n om a I y i s s i t u u t e d a t t h e s o u t h e r n e n d o r the large negative 

gravity anomaly. 

Th e a e r oma g n e t i c d a t a we r e r o u n d u s e r u I i n ma p p i n g t he b a s eme n t 

of this area 1 in particular. heN·een 11°S and 12°30' S, v..11ere the 

basement IS co\·ered hv the Phanerozoic sediments and the Chapada 

D i am an t i n a g r o up me t a s e d i me n t s . < )\ e r t h e P a r ami r i m and Gu an amb i 

m i gma t i t i c t e r r a 1 n s . t h e ma g n e t i c r 1 e I d 1s highlv disturbed by 

short wa\elength anomalies r e r I e c t i n g a he t e r o g en o u s b a semen t . 

Ov e r t h e E s p i n h a c, o r o I d h e I t a n d D i ;m1a n t i n a tableland the short 

wa v e I e n g t h ma g n e t i c a n oma I i e s a r e a I mo s t a b s e n t d u e t o a d e e p e r 

mag n e t i c b a semen t . The no r the r n borde r of the P a rami r i m c omp I ex , 

a s i n d i c a t e d by t h e a e r om a g n e t i c ma p , i s s i t u a t e d t o t h e no r t h of 
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s h or t wave I eng t h mag n e t 1 c an oma I 1 e s t e rm i n a t e s ( 1· 1 g . 4 . 4 ) . :'\I so 

at th1s latitude. the l1near gravity grallient. \Vhich parallels the 

Esp1nhac,n i"oiJ beit. S\V!ngs loa \\L utrecliun aiid cutnciue~ WJllt 

a s e q u e n c e o f s h o r t wave I e n g t h ma g n e t i c a n om a I i e s wh i c h a r e 

ascribed to the contact of· the basement to the west with the 

metasediments of the Espinhac,n Supergroup to the east. Therefore, 

t h e n o r t h e r n I i m 1 t n r t h e I a r g e n e g a t i ,. e g r a v i t v a n om a ! y c o i n c i d e s 

v..·ith the n\lrthern border ,,r the Paramirim complex. 

4 . 3 De n s i t y Da t a 

Den s i t y me J s u r eme n t s \Ve r e c a r r i e d o u t on 52 r o c k s ;m1p I e s wh i c h 

we r e c o I l e c t e d f o r radiometric llat1ng (L.G.Cordani. personal 

c orrmu n i c a t i on ) . The i r s i t e s a r e s h ov..n 1n the Fig. 4.2. The 

samp I e s are separated i n to two g roup s a c co r d i n g t o the i r 

g eo g r <I ph i c a I d i s t r i hu t 1 u n and the l is t i ng or the density 

mesurements are presented 1n Table 4.2. The method of density 

measurement is Jescrihed 1n Appendix A. The first group of 

s amp I e s 1s from the centre c,f t he P a rami r i m c omp l ex . I t i s 

compos e J o I g ran i t i c m i gma t i t e s and g n e 1 sse s \Vh i c h y i e I de d an 

a\. era g e dens it\ 
·3 

2 . 6 4 g em and two g ran i t e s i n t he s ame a r e a 

·3 .v i e l J e J J dens i t ~· 0 r 2 . 6<) g em The 1 6 s ;m1p I e s of the second 

group were taken from the Archean region to the south of the 

Paramirim complex, benveen Caetite and Lagoa Real c i ties. 

Homogeneous migmatites of granodioritic composition have a density 
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Table 4.2 

South of Poramirim Volley ( Logoo Real city) 

Rock no 

Ul-11 L 
u~-1 10 
LR-118 
LR-11 A 
LR-11C 
U\­
lR- 2 
LR- 38 
LR- 5C 
U\-1 OA 
LR-10F 
LR-10[ 
LR-12A 
LR-12F 
LR-12C 
LR-120 
LR-208 
LR-200 
LR-20F 
LR-20E 
I_R- 22 
LR- 9 
LR-18C 
LR-13G 
LR-130 
LR-13E 
LR-13A 
LR-168 
LR-178 
LR-17A 
SS-111 
GA- 9 
AR- 35 
PC-421 
GA-393 

Oen'si ty 
( g em -3 ) 

2.63 
2 63 
2.61 
2 64 
2.60 
2.69 
2 67 
2 79 
2.69 
2.64 
2.68 
2.68 
2 65 
2. 78 
2.62 
2 65 
2 70 
2 64 
2.63 
2.63 
2.64 
2.69 
2.59 
2.71 
2.74 
2.70 
2.80 
2.64 
2.65 
2.64 
2.63 
2.80 
2. 72 
2.62 
2.64 

Rock type 

m i gmot it e 
m i gmo tit e 
m i gmo tit e 
m i gma t i I e 
m i gma t i t e 
granite 
microcline augen gneiss 
plagioclase gneiss 
microcline augen gneiss 
granite 
granite 
g ron it e 
migmot i te 
m i gmot it e 
migmot i te 
migmatite 
gneiss 
gneiss 
gneiss 
gneiss 
m i gmo tit e 
granulite 
granite 
microcline augen gneiss 
gneiss 
gneiss 
gne1ss 
granite 
granite 
granite 
granite 
granulite 
gneiss 
granite 
migmat i te 

Rocks from Paramirim Volley 

Rock no. 

JM/8A/35A 
/358 
/35C 
/350 
/35E 
/36 
/37 
/38 
/39 
/40A 
/408 
/40C 
/41 
/43A 
/53 A 
/171A 

density 
( g cm-3 ) 

2.66 
2.65 
2.65 
2.65 
2.63 
2.80 
2.78 
2.59 
2.64 
2.70 
2.59 
2.61 
2.65 
2 95 
2.73 
2.62 

rock type 

granite gneiss 
granite gneiss 
granite gneiss 
granite gneiss 
granite gneiss 
gne1ss 
gneiss 
gneiss 
m i gma t i t e 
granite 
granite 
granite 
migmat i te 
d i or i t e 
gneiss 
g ron it e 

I{ e s u I t s o f dens i t y me a s u r eme n t s on c r y s t a I I i n e rocks 
o r the P a r ;m1 i r i m c omp I ex and s u r round i n g reg i on s . 



the micr(1CI1ne <~ugen-gncl..;ses. pi<tgi,lLi<t<;t' 

gne1sses and granulites )'ielded densities ranging from 2.67 tn 

2.75 g 
•3 

em . IIi s tog rams of the densi tv measurements I isted In 

Table 4.2 are presented 1n Fig. 4.5. A gradual Increase 111 

d e n s i t .v t ow a r d s t h e G a v i ii o b I o c k o c c u r s a s t h e I i tho I o g y be c orne s 

dominated b v h i g h g r a d e Ill I gma t i t e s a n d rocks or tonal i tic 

compos i t 1 on . \ o t\v 1 t h s t a n d i n g the I imi ted number or s ;unp 1 e s 

considered Ill the present v ... ork. I t can be stated that the 

J>aramirim complex has i<Nier a\erage densirv (d=2.69 gcm'
3 

than 

the high grade met<unorphic terrains of the Eastern Bahia Shield, 

wh i c h i s c h a r a c t e r i zed b .v a dens i t y or 2 . 7 3 g cm"3 
( s e e F i g . 2' 2)' 

Th e 1 a c k o f a d e t a i 1 e d d e n s i t v s ;unp 1 i n g a c r o s s t h e r e g i on \\11 e r e 

t h e n e g a t i v e a n oma 1 y i s o b s e r v e d limits the inference or the 

p r e c i s e s o u r c e of t he a noma I y . !\ e i t he r d en s i t y me a s u r eme n t on t h e 

metasediments nor on the acid volcanics are available. 

4 . 4 (j r a vi t y Interpret at i on. 

G e o 1 o g i c a l a n d g e o c h em i c a 1 e v i d e n c e t o g e t h e r w i t h a e r om a g n e t i c 

data and density measurements suggest that the large negative 

g r a v i t y a n om a 1 v i s p r n b a h I v c a u s e d h v I ow d e n s i t \' g r a n i t e s . < ) t h e r 

possible sources or t h i s h i g h amp I i t u J e neg a t i \ e an om a 1 v a r e 

firstly discussed because the e\idence presented in the previous 

sections does not r u I e o u t t h e p o s s i b i I i t v t h a t t h e a n om a l y i s 

caused either by the Espinha~o fold belt sediments or by a local 

thickening of the crust. 
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Paramirim Valley 
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Fig. 4.5- llistograms or density measurements on Paramirim 

c omp I e x c r v s t a I I i n e r o c k s . 



-1 . -1 . I Th e 'd HI r c e \1 I t h e n e g a t 1 v e g r a \ 1 t \ " n om a lv 

The f i r s t possible source. the Espinhac;o fold belt 

metasediments. can be questioned on the grounds that t h e m i n i 111Wll 

o f t h e a n om a 1 y o c c u r s o v e r t h e P a r am i r i m r e g i on t o t h e e a s t o f t h e 

sediments. Thts is clearlv seem bv comparing the Bouguer anomaly 

ma p w i t h t h e g e u 1 o g i c <~ 1 une (l"lg. 4.lb). 1'\lthough no density 

me a s u r eme n t s a r e <.tv a i 1 <t b 1 e . i t 1 s a 1 so u n 1 i k e I v t h a t the densi tv 

of the highlv foldeu Espinhac,o metaseuiments is much lower than 

the average density of the basement rocks. Moreover, if the 

metasediments were the matn source of the large negative anomaly, 

an equivalent gravity signature would be expected over the 

D i <mla n t i n a tableland, where rocks of the s arne age a r e I e s s 

strongly folded and less metamorphosed. Only small amplitude (<20 

nii a I ) n e g a t i v e g r a v i t y a n om a I i e s a r e o b s e r v e Li o v e r t h e D i am a n t i n a 

tableland. 

An o t h e r p o s s i b I e s o u r c e o r t h e I a r g e n e g a t i v e a n om a 1 y a t d e e p e r 

I e ,. e I s , wo u I d be a I o c a I t h i c ken i n g of the c r us t . Such a root 

could have been a s s o c i a t e d w i t h t h e c omp r e s s 1 on a I events 

(Espinhac,o orogenv) v.i1ich occurreu during the \Iiddle Proterozoic. 

A d e e p s e a t e d s o u r c e c a n b e r u I e d o u t b :v u s 1 n g t h e g r a v i t y rna x i T11Wl1 

Jepth formula proposed bv Bott and Smith (1958). For an 

approximate!\" two dimensional body, the maximWl1 possible depth or 

the source of the anomaly is given by 

h < o.ss lgmax I 

I "dg Ia x I ..... Qx 
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where g max i s t he ma x I Ill LUll <UllJ' I i t u J e , 1 1 tile aiH1malv and ldl.''a\1 1s 
..... ,,., .. 

t h e ma x i mW11 g r a J i e n t o r t h e i.l n oma l v . 

The steepest gradient 01 t h e a n om a i v 1 s 2 . 5 ni) a i 
. -1 
lilll and i t 

o c c u r s o v e r the c en t r e n f t he P a r <ml i r i m c omp l ex , 1 n the d i r e c t i on 

o r t h e D 1 am a n t i n a t a b I e I a n d . Th e ma x 1 mLUll <mlp l i t u d e o f t h e a n om a I v 

1 s a b o u t 50 ni; a I . \Vi t h t h e s e r i g u r e s , 1 = 13 km i s o b t a i n e d . Th e 

e s t i ma t e wa s c a r r i e d o u t for nther segments of the local 

a nom a I v ( s e e I: i g . 4 . 1 l a n J a n a ,. e r a g e ma x i ll1W11 d e p t h o f 2 <) km wa s 

obtained. Th i s r u I e s o u t a n o fl g 1 n o r t h e a n om a I y a t t h e b a s e o f 

the crust or nei.lr it. The source of the large negative gravity 

anomaly must therefore I i e within the upper crust. The only 

obvious source of such a large negative gravity anomaly are near 

surface granites of lower density than the country rocks. Simi I a r 

gravity signature is associated \\"ith granitic masses which are not 

conspicously exposed on the surface such as the Devonian Weardale 

and Wensleydale granites of \E England (Rott, 1967) and the Devon 

and Cormvall granites (Bott et al., 1958). 

Having established the source of the gravity· anomaly, the next 

step 1s to estimate the dimensions of the anomalous body. As 

discussed bv Bott and Smithson (1967). useful quantitative 

i n r 0 mla t i 0 n 0 n t h e J e e r s t r u c t u r e 0 r g r an i t i c b 0 d i e s c a n he 

1 n f e r r e J f r om g r a v i t y me a s u r eme n t s . Th i s c an be c a r r i e J o u t 1 n 

spite or the mlhiguity inherent in the gravity method, by placing 

bounds on physical properties of the body provided by independent 

data. However, before the granite is modelled, the problem of 
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I' 

e " t 1m<~ t 1 n ~ t 11 e r e g 1 1 1 n <1 I g r <1 \ 1 t \' I 1 e I d 1 s b r 1 e J' I \ d i s c u s s e d . 

4 . 4 . 2 Th e r e g 1 on a i g r a v i tv r 1 e 1 J . 

The e s t i ma t i 0 n 0 r the reg i () n a I g r a\ i t \' r I e I d 0 r a large area 

with signiftcant topographic variation requtres the isostatic 

c omp e n s J t i n g e f r e c t t o be t a ).; e n i n t u a c c o u n t . 

The compensating gravity l'ield predicted by an elastic plate 

loaded on top by the surface topography wil I be asswned as one 

possible approxinmtion of the regional field. However, it WJS 

S h 0\\TI from the i S 0 S t a t i C an a Jy S i S t h a t d i f f e rent ''1 oad s". other 

than the surface topography, are present 1 n the region vvh i c h 

contribute to the regional gravitv field. These sources of long 

wavelength gravity anomalies are modelled here, together with the 

near surface low density· granitic body. 

Two profiles (A-A' and 12.5°S) are sho\\TI 111 Figs. 4.p(a) and 

4 . 6 ( b ) . t o g e t h e r w i t h t h e g r a v i tv c omp e n s a t i n g e ff e c t p r e d i ct e d by 

loading the elastic plate with the observed topography and 

asslillHng that the compensation takes place entirelv at the \-1oho at 

a d e p t h o f .15 km . As a 1 r e a d y p o i n t e d o u t i n Ch a p t e r 3 . t h e r e 1 s a 

long wavelength negative anomaly v.i1ich 1s not predicted by the 

simple elastic model I o ad e d on 1 ';' on t o p . Th i s n e g a t i v e a n om a 1 ';' 

could be ascribed to a relatively lower density bodies within the 

uppern10st part of the crust and/or to a thickening of the crust 
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(1 

u n d e r n e ;1 t h t h e 1: s p i n h a c; o I · ' ) I d '> \' s t em . 

As d 1 s c u s s e d i n Ch a p t e r 3 , i t i s n o t p o s s i b I e t o c h o o s e w i t h n u t 

;m1biguit~· a regional field based solelv on the gravit~' data. 

Therefore. two e x t r eme c a s e s , c r u s t a I t h i c k e n i n g a n d I ow d e n s i t v 

uppem10st crust were considered \>.i1en model\ ing the granite. 

4.4 . .\ The granite modell1ng. 

S i n c e t h e g r a v i t y a n om a I y i s f i n i t e a I on g t h e Nl\W d i r e c t i on , a 

three dimensional model would be the most accurate geometric 

representation of the granitic body. However. the granite can be 

accurately approximated using a t\vo dimensional model with end 

correct ion ( 2D mode 1 ) . 

~or the profile A-A' ( I: i g . 4 . 1 ) , 'Wh i c h i s s i t u a t e d h a I f wa y 

between the ends of the body. the results for the 2D gravity model 

differ from the simple 2D model by a few mi I I iGals. Therefore. 20 

mod e I I i n g i s s u i t a b I e f o r this profile, I n \' I ew 0 f b 0 t h t h e 

uncertainlY in the densities and the errors of observation. 

AI though sma II outcropping granites are widespread 1n the 

P a r ami r i m c omp I e x , t h e m 1 n 1 mum o f t h e a n oma I y o c c u r s n e a r t h e 

western border of this complex. However, t he 1 : 1 , 000 , 000 s c a I e 

geological map of Bahia State does not indicate any granitic body 

outcropping 1n the region where the m1 n Imum IS situated. 
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(latitude 12.7° S) and the circular granitic bodies near Par;m1irim 

c i t \' 1 n t h e s o u t h \\11 e r e t h e I a r g e n e g a t i v e ma g n e t i c a n om a I y i s 

situated. As described bv Lspourteille and Fleisher (1980), the 

granites In Boquira city are small bodies Intruding the basement. 

These bodies show no contact met<m1orph1sm and they are cut by 

no m1a I faults. ()n the other hand. the Par;m1ir1m citv granitic 

bodies are associated with well developed migmat1tic aureoles and 

are not foliated. F u r t he r c omp a r a t i v e s t u d y on t he s e g ran i t e s h a s 

not heen carried out so far. Due to the lack of detailed 

geological information concerning the distribution of the granites 

i n the reg i on , the t o p of the g ran i t e wa s as s wne d to be a t the sea 

I eve I . 

It is also asswned that there is a single body \\hich produces 

t h e s t e e p n e g a t i v e a n om a I v a n d n o d e n s i t y v a r i a t i on w i t h i n i t . 

The I owe r bound i n the dens i tv con t r as t can be e s t i rna ted us i n g the 

prn·1ous result (section 4.4.1) \\1lich shows the granite to be 

s i t u a t e d a t a max i mill11 dept h of 2 0 km w 1 t h i n the up p e r c r us t . The 

maximum <m1pl itude of the anomalv is about 50 rrGal. These figures 

·3 
s u g g e s t a m i n i mill11 d e n s i t y c on t r a s t o f a b o u t 0 . U 6 g em An y 

density contrast lower than 0.06 g cm.
3

would require the bottom of 

t h e b (l J .v , \\11 i c h h a s i t s t o p n e a r t h e s u r fa c e , t o e x t end be I ow t h e 

depth of 20 km. llowe\er, in this case. there 1s no solution which 

predicts the observed gradient of the anomaly. 
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and rig. 4.7(b). In rig. 4.7(al. the granitic body was modelled 

as having densi tv C('lltrasts of -0.1 g cm-
3 

and 
-3 

- (). 15 g em The 

I o n g \'-a v e I e n g t h n e g a t i v e a n om a I v . v-.;il i c h 1 s n o t predicted bv an 

elastic plate loaded on t o p . wa s mod e I I e d a s s Wll i n g a r e I a t i v e 

thickening of the crust 1n the centre of the Espinhaco Fold 

S v s t em. -'\ p a r i r r om t h e Mo h o d e r i e c t i on . p r e d 1 c t e d b v I o a d i n g t h e 

elastic plate \Vith the observed topograph_\", a rna x i mw11 c r u s t a I 

thickening of 3 km for a 40 km thick plate and 2 km for a 20 km 

thick plate was necessary to produce the long wavelength negative 

anomalv. A r e I a t i v e t h i n n i n g , f rom 4 0 km t o 3 5 km, t owa r d s t h e 

Guan<m1bi complex and the Sao Francisco basin, was also assllilled to 

r i t the observed westerlv 1ncrease in the Bouguer anomaly. In 

t hi s case, the depth to the hot tom of the granitic body may vary 

from 13 km tor dens i tv of - (} . 1 
·3 

8 km if a contrast g em to a 

. ·3 
den s 1 tv con t r a s t of - 0 . 1 5 g em 1 s a s s llille d instead. For this 

mode I of granite with no lateral density variatJon, the width of 

the top is about 35 km and the \Vidth of the base is 55 km. This 

is a granite of batholithic dimension and tabular form. 

Bott and Smithson (1967) have suggested a method of evaluating 

\'-11 e t he r the s i d e s o f t h e g r a n i t e s I o p e s i nwa r d s o r o u twa r d s b :v 

using the gradient nf the anomal~· across the edges of the bodv. 

Th e I a c k o f d e t a i I e d g r a v i t :v me a s u r erne n t s a c r o s s t he g r ad i en t o f 

t h e a n om a 1 y d o e s n o t p e rm i t the utilization of this method. 

However. the observed gravity anomaly and the outcropping geology 

a r e mo s t c on s i s t e n t w i t h an o u twa r d s I o p i n g c on t a c t a s s h own 1 n 

Fig. 4.7a. 
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Th e we s t e r ll 0 u twa r J s I () r i ll g s I d e () r t h e g r a ll i t e rna _\' ' t h e r e r 0 r e ' 

underlie the r r1 l de d me rased i men t s o t' 

whereas. the eastern side of the granite 

t h e c e n t r e o r t h e P ;1 r ami r i m c omr I e x . 

the Espinhac,o fold belt. 

IS situated underneath 

The profile 12.5°S. slll1\\11 Ill rig. 4.7b. is situated close to 

t h e n o r t h e r n e d g e o f t h e I a r g e n e g a t i v e a n oma I y . In c ompa r i son 

w i t h t h e a n om a l v s h O\\ n 1 n p r o r i l e A -A ' . the amp I i tude of this 

local a noma I'..' 1 s less and its wavelength is greater. The long 

wa v e I e n g t h n e g a t i v e r e s i d u a I an oma 1 y ·wh i c h i s n o t p r e d i c t e d by t h e 

topographic 

of -30 rrGal 

loading 

over the 

on a n e I a s t 1 c p I a t e , h a s a rna x i mlll11 amp 1 i t u d e 

]) i ama n t i n a tableland. Th i s g r a v i t :v I ow 

c o i n c i d e s w i t h t h e r e g i on i n t h e D i am a n t i n a t a b 1 e I a n d wh e r e t h e 

u p p e r M i d d I e P r o t e r o z o i c )) i am a n t i n a g r o u p ( a r g i I I a c e o u s r o c k s a n d 

s a n d s t on e s ) . h a s a rna x 1 mlll11 t h i c k n e s s o f a b o u t 2 - 3 km . De n s i t v 

measurements on these rocks are not avai !able. However, the rocks 

probahlv have lower densit',' than the basement, since metamorphism 

a n d d e f o rma t i on a r e n o t s i g n i f i c a n t 1 y p r e s e n t i n t h i s region of 

the Espinhac,P Fold Svstem. The sedimentary· cover together with 

the acid volcanics mav produce this long wavelength negative 

anomalv. The gravity model along t h i s prof i I e i s a s s lll11e d a s 

c omp r i s I n g t he r 0 I I OVv i n g : ( ] ) 5 t () 7 km 0 r l OW dens i t :v r () c k s 

(-0.05 gcm- 3 
) which are ascribed to acid volcanics and granitic 

rocks near the surface; (2) a sequence of about 2-3 km of low 

density sediments (-0.1 g cm·3
) and (3) a low density granitic 
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1)\ld \ ( - (). 1 -3 . 
~- Clll ) . \ 1ml e I I i n !:'. 11 I t h e r e s i d u a I a n om a I 1 e s p r e d 1 c t <.: d 

bv a 20 k.m thick elastic plate. suggests the thickness of the 

granite to be 15 km. (]1anging the densitv constrast to -().15 g -3 em . 

reduces the thickness to about 10 k.m. For a more rigid plate, 

t h e a ' e r age t h 1 c k. n e s s o r t h e I O\\ d e n s 1 t y r o c k s wo u I d be s I i g h t I y 

greater. 

I ' r om t h e r e s u I t s p r e s e n t e d 1 n I · 1 g . 4 . 7 a a n d F i g . 4. 7b, i t 

1s sh(l\\11 that the \·ertical thickness of the grunitic body IS not 

onl_v dependent on the density contrast but it also depends on the 

mode I used to explain the long wavelength (regional) gravity 

an oma I y . A t h i c k e r gran i t i c mode I i s r e q u i red to r i t the local 

n e g a t i v e an om a I y i f t h i s r e g i on a I a n oma 1 ~~ i s e n t i r e 1 v a s c r i b e d t o 

a I o\\· d e n s i t y u p p e r c r u s t . 

4.5 Discussion. 

Th e g r a Y 1 t y interpretation of the large negative gruvity 

anomalv O\er the Paramirim comple:--; suggests that this anomaly is 

caused by <1 source situated within the upper crust. This source 

is probabJV granite Of batholithiC dimensions. 

Clranites are conmonly found in the gneissic-migmatitic basement 

of the Paramirim complex (Jardim de Sa et al., 1976b). However. 

as sho'Wn by the gravity modelling, the low density granitic body, 

which produces the steep negative gravity anomaly, substantially 
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u n d e r I 1 e s h ( 1t h t I! e 1: s p i n I! a t_; \' I 1' I d h;: I t <t ml t h c \\ e s t e r n I'~~ r ;u111 r 1m 

complex. To the south ot tile l<tti tude 1~.5°S t h e a n nm<t I v 1 s 

c e n t r e d o v e r t h e P a r ami r i m c omp I e x a n d It coincides with the 

reg1on ~~ere Jardim de ( 1976a) have reported large 

circular h-rich granitic bodies. The <tvailable 1:1,000,000 scale 

g eo 1 o g 1 c a I maps of Bah i a S t a t e and the g eo 1 o g 1 c a I I i t e r a t u r e of 

t h i s r e g i on i n d i c a t e sma I 1 gran1tic bodies outcropping 111 the 

\lcinitv ot Boquira cit.\' (12.7°5 in Fig. 4.2) and a large circular 

granitic body at latitude 13.5° S near Par<m1irim city. Fu r the r 

evidence of granitic bodies outcropping in the region where rhe 

I a r g e neg a t i v e g r a v i t y an om a 1 .v 1 s s i t u a t e d h a s y e t not been 

reported. 

G e o 1 o g i c a 1 i n f o rma t i on a c r o s s t h e E s p i n h a c, o f o I d b e I t a n d t h e 

Paramirim complex, at the latitude of Boquira citv. does not show 

intruding the metasediments but only the Archean granites 

basement. \\here granites outcrop, they are frequently cut by 

n o m1a 1 f a u I t s wh i c h h o r i z on t a I 1 y d i s p 1 a c e s e c t i o n s o f the smne 

body. According t o E s p o u rt e i I I e a n d F 1 e i s h e r ( 1 9 8 0 ) , t h e n o rma 1 

faulting aUecting the Espinhac,o fold belt postdates the Espinhac,o 

orogenv (1.3 Gal. The Espinhac,o orogenv was accompanied by low 

grade metmnorphism. 1-lo\vever. metmnorphism has not affected these 

granites. These observations suggest that the granites of Boquira 

c i t y p r 0 b a b 1 .\' p 0 s t d a t e t h e d e r 0 mla t i 0 n 0 r t h e fold belt. K!Ar 

r ad i orne t r i c a g e s o b t a i n e d by T a v o r a e t a I . ( 196 7) 

yielded values ranging from 400 to 815 \fa which may represent 

min imilll1 ages. This 1s because K/Ar ages conmonly reflect 
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(1\t'rprlnt ut" vounger c\ents such as re-heat1ng. ll1lller<J]J/<JtJ,,ll. 

me t amo r ph i sm o r r ewo r k 1 n g ( F i t c h a n u \tl1 I 1 e r . 1 9 7 3 ) . Th e g r a n 1 t e s 

of Boqu1ra CllV outcrop Ill a r e g 1 on \\ll e r e lead anu /InC 

mineralization occurs. 

Th e g r a n i t e s ( s amp I e s \ -:n a n d 1 I - I. i v ) s i t u a t e d n e a r P a r ;un i r i m 

cit\' \\'ere clateu b\ Jaruim ue sa·~~ al. (J976b) using l~b/Sr 

method and two ages were obt<11ned: 1530 !.\.\ \Ia anu I 0 8 7 ! 2 7 \tla . 

These ages reflect late and post-orugenic phases of the Espinha~o 

orogenic cvcle (1.7- 1.3 Ga). 

In \·1ew of the lack of detailed geological information of the 

area. in particular concerning the granites, the relation between 

this postulated granite batholith with the Middle Proterozoic 

t e c t on i c e v e n t s , v.11 i c h a r f e c t e d t h e E s p i n h a c, o F o I d S y s t em , 1 s v e r y 

uncertain. The uniformity and the apparent regular shape of the 

negative gravity anomaly strongly suggest a single event or 

closely related series of events of granitic intrusion. There are 

two po s sib i I i t i e s to be discussed. Firstly, if the granite 

intrusion predates t h e E s p i n h a ~ o o r o g en y , t hen t he r e g i on w11 e r e 

the granite IS found should have remained a stable block 

t h rough o u t the d e p o s i t i on an u f o 1 u i n g o !" t he sed i men t s both 1 n the 

Espinhac,o fold belt and in the western Di<tmantina tableland. In 

this case, t h e me t a s e d i me n t s v e r .\ 1 i k e I v \\-o u I J have be en r o I d e d 

a g a i n s t the up I i f ted g ran i t e . !lowe v e r , a s shown i n the schema t i c 

cross-section presented in Fig. 4.8, the axes of the folds in both 

t h e E s p i n h a c, o f o I d be I t a n d D i am a n t i n a t a b I e I a n d a r e n o rma I t o t h e 
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p I an e \\ h i c h J e I i n e s the nut\\ard slc>pping sides ul· the gr<Jn!te. 

Th a t 1 s . the r e i s a d i s cord an c e between the emp l aced g ran i t e and 

the defom1ed metasediments, with the granite cutting across the 

f o I d i n g . Th i s mav s u g g e s t \ h;l t the gran i t e rna in I y postdates -i:l-.e. 

Esp1nha~o orogenv. I t 1s possible. therefore, that the s_vn or 

post tectonic granites obser\ed to the south of the latitude 13.5° 

s are the exposed part'; ot the granitic batholith. The 

emp I a c eme n t o r t h e g r a n i t e b a t h o I 1 t h rna v a I so h a "e be en c on t r o I I e d 

b v con s p i co us I '>' a s s yme t r i c a I aspects of the Espinhac,o fold belt 

r e 1 a t i v e t o t h e D i am a n t i n a t a b I e I a n d . Th e d e g r e e o f d e f o m1a t i on 

and metamorphism 1s mo r e i n t e n s e In the fold belt, wnereas the 

characterized by low-grade western Diarnantina tableland 1s 

me t amo r ph i sm and t he me t a s e d i men t s a r e r e I a t i v e I y I e s s d e f o rme d . 

The centre of the I a r g e n e g a t i v e an oma I y 1 s s i t u a t e d a t the 

western border of the Paramirim complex and near the contact with 

the Espinha~o fold belt, thus coinciding with the reg1on where 

uraniurn, lead and zinc mineralizations amongst other 

mineralii'.ations are found. S h o r t wa v e I e n g t h rna g n e t i c a n om a I i e s , 

and 1n particular the local negative magnetic anomaly near 

Hot up or a c i t y , a r e a I so s i t u a t e d i n the c en t r e of the negative 

gravits anomaly. 

Th e you n g 1\. /A r a g e s o h t a i n e d h y "Ll\ o r a e t a I . ( 1967) have been 

i n t e r p r e t e d a s r e f I e c t i n g t h e rma I a n d h v d r o t h e rma I e v e n t s \Vh i c h 

postdate the Espinhac,o orogeny (1.3 Ga). It is not possible to 

a s c r i be d i r e c t I y t he s e a g e s t o t he t i me o f t h e emp 1 a c eme n t of the 

granitic batholith. However, it appears that the hydrothermal 
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e ,. e 11 t s m<~ \ be r e I <1 t e d t u t he g r a 11 I t I c i 11 t r u s I on an J t h I s h" ' t '' he 

\erified \Vith further geological studies 1n the area. 

As discussed In Chapter 3, 111 Interpreting the isostatic 

r e s p on s e r u n c t i o n , t h i s 1 ow d e n s i t v g r a n i t 1 c b a t h o 1 i t h rna _v a 1 s o 

subs t an t i a 1 1 \' ex p 1 a i n t he up 1 i r t of the E s p i n hac, o F o 1 d S v s t em and 

its Isolation from subsequent Lpper P r o t e r 11 z o i c s e d i me n t a t i u n 

\\11 i c h o c c u r r e d 1!1 the Len~ois basin to the east and in the Sao 

I: ran c i s co b a s i n t o t he we s t ( see I: I g . 2 . 1 1 ) . 
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(]!APTER 5 

Ci r a \' i t y J n J ...:- t .... ,, t- ; ,... ,.. ....... \ .. ; ,~ 
J L 1 U 1.. 1 b I U }JII J \.. Studies o1- . '- -

lll c Mesoz.oic to 

Tertiary Basins 

\ear the eastern coast or Bahi~1 State. between 8°S and 14° S, 

a serJes of high amplitude negative Bouguer anomalies are 

associated with the Mesozoic to Tertiary sedimentary basins. 

The largest negative anomalies occur over the onshore 

Reconcavo, Tucano and Jatoba basins (fig. 5' 1 ) ' These are 

separated from the continental margin Jacuipe and Sergipe-Alagoas 

basins by a segment of Precambrian terrain of approximately 

triangular shape. Apart from the Jatoba basin, the onshore basins 

apparently cross cut the Sergipano fold belt. To the north of the 

Jatoba basin i s t h e s \ s t em o r P r o t e r o z o i c wr en c h f au I t s known a s 

Pernambuco fault system. To the west of the onshore basins is the 

high grade metamorphic terrain of the Eastern f3ahia Shield, within 

the S5o Francisco craton. 

Th e s e \te so 1. o i c to Tertiary sedimentan basins were formed in 

connection with the opening of the South Atlantic Ocean which was 

initiated in the Lpper Jurassic -Lower Cretaceous. The sequence 

of the initial events which resulted in the separation of South 

America from Africa and the subsequent spreading of the new ocean 
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I' 1 u \) r et r e d l' um1e n t n1 i n t 11 e -> t r <1 t 1 ~ r ;1 p 1n '1 I t 11 e on s lw r e ;~ n d t 11 e 

p a s s i v e m<J r g 1 n h a s i n s ( A smu s a ml Po n t e . 1 9 7 3 : \a i r n and S t e h I i . 

1 9 7 3 . Cm1p o s _s:_t __ i!l__,_, 1 9 7 ~ ) . In this studv. the gravi tv 

interpretation of the onshore ;~nd o!.!shore basins is integrated 

\Vith stratigraphical and structural data and a connected model of 

f o rma t i on of the on s h o r e and of f s h o r e b a s 1 n s 1 s p r o p o s e d . The 

final re.sults of t h i s s 1 u d v h ;1 v e a 1 r e ad v be e n s u bm i t t e J a n d 

accepted for publication as a Letter to \ature. authors \. 

L s sam i . G . ]) . I( a r n e r and :VI. II . P . Bot t . 

5.1 The structure and stratigraphy of the b<Jsins 

Th e s u b s i d e n c e h i s t o r y o f t h e e a s t e r n B r a z i I i a n c on t i n e n t a l 

marg1n basins involves the t"n characteristic stages of the 

evolution of an Atlantic-type passtve margtn (Asmus and Ponte, 

1973): the rifting stage and the drifting stage. 

The rifting stage ts ch<Jracterized hy norma I faulting. 

deposition of continental clastic sediments and igneous activitv 

1n most of the continental nrurgtn. FoiiO\ving this phase. 

evaporites and platform 1 imestones were deposited 111 a period of 

tectonic quiescence and restricted mar1ne conditions. A new phase 

of subsidence and sedimentation in open marine conditions followed 

the onset of the sea floor spreading in the subsequent drifting 

stage. 

99 



! ' 

Lsing the m<tgnetlc anom<tlies \Ill. \1-1. s<tlt boumLtr\·. arHllll<tl\ .\-1 

and also the Larson and IIi Ide (19751 Phanerozoic time scJle. 

R a hi nO\\ i t 7. and LaBrecque ( 1 9 7 9 J have d a t e d the sequence of even t s 

o f t h e f o m1a t i o n o r t h e Sou t h A t 1 a n t i c . Th e r i f t s t a g e s t a r t e d i n 

the Lpper Jurassic- Lower CretJceous (135 \tal and it lasted until 

the Apt 1 an ( 11 () Ma ) . Salt deros1tion occurred during the 

Aptian-.c\lhiJn (Levden et al .. J976l. Open ma r 1 n e c o n cl i t i lH~ 

followed bv sea floor spre<td1ng, started in the late :'\lbian (105 

\Ia). 

The strJtigraphy of the basins along the continental margin of 

eastern Brazi I records the sedinrentation associated with each one 

or these events. However, igneous acti\it'.' during the rifting 

stage occurred only to the south of the Espirito Santo basin 

( I at i tude 1 6 ° S) . Salt deposition 1s absent 1n the northern 

continental margin (see Fig. 5.2). Between the Espi ri to Santo and 

Sergipe-Alagoas basins, onl.v anhydrite 1s found. Salt occurs to 

the south of the J:spi ri to Santo basin on the Brazi I ian side and 1n 

the Gabon. Congo-Cabinda and Cuanza basins on the complementary 

African continental margin. 

A c omp a r i son be tween t he s t r a t i g rap h v or the ll n shore R e con c avo , 

Tucano and Lttoba basins and the stratigraph.v llf' the continental 

margin Sergipe-Alagoas and Gabon basins (Allard and Hurst, 1969) 

i s s h own i n F i g . 5 . 3 . Th e r i f t s e 4 u e n c e 1 s c omno n t o a I I basins. 

Howe v e r , p o s t - r i f t ma r 1 n e s e 4 u en c e s a r e on I y o b s e r v e d i n the 

continental margin basins. 
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'\n <JcciJunt (lr t h t' 

these basins IS presented in the next sect1on. 

S . 1 . 1 I< e con c avo . Tu can o and J a to b a bas i n s . 

The Rrazilian oil companv (PITI<OBR\S) pro\iued the stratigraphy 

o r e I n· e n we II s r r om t h e s e on s !l(l r e b a s 1 n s . Th e i r s i t e s a r e s h O\'-TI 

1 n Fi g . 5 . 4 and the s t r a t i g rap h v or e a c h 1 n d i v 1 d u a I we i I 1 s s h 0\\11 

1n Fig. 5.5. The wells identil"ied bv the letter "\1' \vere obtained 

from lnda and Barbosa (1978). 

Variation of the pre-Jurassic basement 1s observed in these 

onshore basins. Upper Proterozoic metasediments ~~re recovered in 

some wells drilled in the l<econcavo, central and southern Tucano 

b a s i n s . The s e me t a sed i men t s a r e . a c co r d i n g to Asmus and Ponte 

(1973). remnants of the \-1iaha/Vaza Barris group which correlates 

with the \djole Series in Western Africa (Allard and Hurst, 1969). 

The Proterozoic basement in the northern Tucano and .latoba basins 

is overlain by a thin blanket of Palaeozoic sediments. The 

S i I u r i a n - De v o n i a n s e 4 u e n c e ( T a c a r a t u f o rma t i on ) is composed of 

continental facies sandstones ~·ith an estimated thickness of 

250-300 metres. The Permian se4uence (Santa Brigida formation) ts 

composed or fluvial conglomeratic and fine sandstones. The 

maximtm1 thickness is about 440 metres. 

Unconfom1abl_v over the Palaeozoic basement, the extensive l;pper 

Jurassic Lower Cretaceous sediments of the Brotas group were 
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d e p (' s 1 t e d . Til e h ;1 s a I s e q u e n c e 1 s t h e .-\ I 1 ;1 n ~a I 11 rl1l<l l i t 1 n . It IS 

composed or_\()() metres or flu\ial shale \\'ith limestone, siltstone 

and sandstone intercalation. At the top of the Brotas group are 

150 metres ui' sandstones (Sergi formation) wi1ich were deposited in 

a s h a I I ow I a c r u s t i n e e n v i r omn e n t . A r t e r the deposition of the 

Sergi r 0 m1a t ion' the r a t e o r s u b s i d en c e i n c r e a s e d ma r k i n g t h e 

initiation of the maJn rifting phase. An essent1allv lacrustine 

sedimentation or the lower Candeias and ltaparica fom1atlons, with 

maximW11 thickness of :wu metres. was deposited at that time. A 

t h i c k fan of con g I ome r a t e s , t he Sa I \ ado r f o rma t i on . i s o b s e r v e d a t 

the eastern border of the Reconcavo basin and contig{o~s \Vith the 

Salvador high (profile 11-11' in Fig. 5.6a). 

Rap i d sed i men t a t i on f o 1 I owed t h rough o u t the \eo com i an , w i t h the 

deposition of both the upper Candeias formation and the !!has 

group with no discontinuity. The Candeias formation 1s composed 

of shales interbedded with siltstones and massive sandstones 

(Vieira eta!., 1971) and i t JS evidently thickest (ca. 3500 

metres) 1n the Reconcavo basin. The llhas group 1s composed of 

325 to 2500 metres of sandstone, siltstone and subordinate shales. 

The group marks a t ran s g res s i \ e p e r i od i n a de I t a i c sequence . 

Growth faults \\ith roll-over and shale diapirs dneloped during 

the sedimenL1tion llf this group (Ojeda, 1982). lnda and Barbosa 

( 1 9 7 8 ) have n <m1e d t h e \ e o c om 1 an s e q u en c e a s the 'Oi I Sequence'. 

This tem1inolog_v is used in the wells of the Reconcavo and Central 

Tucano basins in Fig. 5.5. 
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J)uring t h E' I\;. r r em1 a n . 

occurred 1n the Tucanu bastn (\;lassacara group) and a less thick 

sedimentation (S5o Sehasttffo group) in the Reconcavo basin. Both 

grOliJl~ ~lre cornposed o!' sanJ~tone~ and s1! tstone~; \\·i th subordinate 

shales. tn Fig. 5.5. the Ba r rem i an d om i n a t e s the 

sedimentation 1n the central and northern Tucano basins attaining 

at I east 4 km i n t h i c k n e s s , \\'he r e a s i n t he R e con c avo h a s i n , the 

t h i c k 11 e s s 1 s I e s s t h a 11 1 . 8 km . 

An erosional period prece~ded the deposition of clastic 

sediments of the Marizal fonnation (Aptian Albian) \\tlich is 

found in all basins. In the Tucano basin this fom1ation attains a 

thickness of 150 to ~00 metres \V'hereas in the Reconcavo basins the 

thickness does not exceed 50 metres. The sedimentation then 

ceased unti 1 t he P 1 i o c en e \\11 en a max i mum of 50 me t r e s of 

sandstones and cla:vs of the Barreiras fom1ation were deposited. 

The structural aspects or the onshore Reconcavo, Tucano and 

.latoha basins have been discussell b\' Ojeda (1982), Cohen (1985) and 

Szatmari et al. ( 1 9 8 5 ) b a s e d on i n r o m1a t i on p r o' i d e d b :v s e 1 sm 1 c 

data a nll c omne r c i a I we l 1 s . \ o m1a l r au l t s b o r d e r t he s e on s h o r e 

b a s i 11 s \\11 i c h h a v e t h e 1 n t e r n a I c o 11 t i g u r a t i o n o r h a 1 f - g r a b e n s . Th e 

Reconca\(1 ba~in (J'Jg. 5.6a) is a S(llltheastern dipping half-graben. 

According to Cohen ( 1985), the l~econca\o basin fom1ed during two 

ma1n faulting episodes. The r i r s t e pi sod e wa s in the Upper 

Jurassic-Lower Cretaceous when left-lateral transfom1 faulting, 

parallel to the present continental marg1n, occurred at that 

103 



I a t 1 t u d c . Til r e t' d i r e c t 1 \' n s \' I I au\ t 1ng 11r lg_lnated I r 1 \Ill t h i s 

movement: the Cllnjugate l~e1dei shears trending N30°E and \37°\V and 

t e n s i o n I a u I t s t r e n d i n g \ L~0 W. I n t h e i\·1 i d d I e C r N. a c e o u s ( A p t i a n -

AI b ian l. :1 '\\V- S!: e x t en ~; i t1 n rna\' have r e a ( t 1 v a L e J the pre - ex i s t 1 n g 

fa u I l s ' w i t h e s s en t i a I I \' d I r- s I i p Ill()\ eme n t . The rna X i mwn de p t h 0 f 

the bas1n is about 5 km. This basin is separated from the present 

continental margin .Jacuipe basin) b\' :1 o;;egment of Precambrian 

n:m1ed Salvador high. The Apora h1gh separates the Reconcavo basin 

from the southern Tucano basin. 

The faulting pattern 1 n the sou the r n Tu can o bas i n 1 s 

characterized by '-j40 E trending faults. The deepest section of 

the basin (4 k.m) is situated next to the northern border of the 

Apora high. 

Central Tucano basin is separated from the southern Tucano by 

the ltapecuru arch. at the latitude 11.5° S approximately (Fig. 

5.6a). The central Tucano half-graben dips eastv;ards and the 

thickness of sediments reaches 7 km. 

To the nor t h of the i n f e r red \a z a Ba r r i s r au I t ( F i g . 5 . 6 b) i s 

the northern Tucano basin vvi1ich is a prolongation of the Jatoba 

basin. The northern Tucano basin is a half-graben with vvestward 

polari tv. A minimW11 of 4 to 5 k.m of sediments fi \Is 

part of the basin. 
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The L1tuba h;1s 1 n 1 s situ<~ ted 1 n t ll~ lle rn;unhuL-\l \lass 11 _ It IS 

separated from the northern Tucano basin b_v the Sao Francisco 

arch. A section across the basin ((:-(:' 111 l;ig. 5. 6b)' based on 

two \ve I I s and r e f r a c t i on s e 1 sm 1 c (Co r r e i a . ·~ ..... , ... ,.~,.... ... h 0 
:::') 11 UV\1.~ \. Jl '-' 

half-graben dipping northwarus. The northern border of the Jatoba 

basin is the Ibimirim fault. This fault belongs to the Pernambuco 

wrench fault svstem. which mav ha\e been reactivated in the Lower 

Cretaceous (Beurlen. 1967 l. 

5 . 1 . 2 Th e S e r g i p e - A I a g o a s b a s i n 

The basement or the Sergipe-Aiagoas bas1n is composed or Upper 

Proterozoic rocks (Vaza Barris group) overlain b:-- Palaeozoic 

rocks, o f s i m i l a r n a t u r e t o t h e b a s erne n t of t h e no r t he r n Tu c a no 

and Jatoba basins. 

The Lpper Jurassic-Lower Cretaceous sedimentation ( lgreja Nova 

Subgroup) is similar to that of the onshore basins (Asmus and 

Ponte, 1973). I t thickness is about 300 metres of which 200 

metres are red shales and 100 metres are sandstones. Continuous 

sed i men t a t i on pro g res sed t h r o u g }H) u t t h e '\i e o c om i a n . Th e s .v n - r i f t 

sediments I o c a l l v r e a c h ;1 thickness of 6000 metres in the 

\1o s que i r o g r a hen . to the sl)uth of profile D-n· (Fig. 5.6bL A 

period of tectonic quiescence followed the Barremian deposition 111 

the onshore basins but the sedimentation continued 111 the 

Sergipe-Alagoas basin, v..11ere l inrestones rich Ill non-rna r i ne 

ostracods \vere deposited (Asmus and Ponte. 1973). A further 
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per1od ,l!· rap1d subsidence ,,ccurred in hoth the (1nsll0re and the 

Sergipe- . .\lagoas basins 111 the lower Aptian. During this time. 

c I a s t i c s s e d i me n t s w i t h r a p i u f a c i e s c hang e s ( \1u r I be c a r 0 m1a t i () n ) 

v.,;ere deposited. A new period ol tectonic stabi i i ty followeJ the 

lower Aptian event. with the deposition of 100-200 metres of shalv 

sequence In the Sergipe AI agoas basin. Sh a I I ow rna r in e 

transgression anJ regressi,H1 occurred during the Aptian-Albian, 

v .. i1 i c h a I I owed the d e p \l s i t i on o f a n h v d r i t e and a s s o c i a t e d 

evaporites in restricted p<Hts of the Sergipe Alagoas basin. 

Carbonate 

periods. 

facies sediments ~~re deposited during transgressive 

The Jrifting stage of the South Atlantic e\olution started 111 

the late Albian. In the Ce noma n i an a thin deposition of 

calcareous muds of the Cotinguiba formation occurred. 200 to 1000 

metres of I imestones shales were deposited Ill the 

Turonian-Coniacian but very little deposition occurred 1n the 

Santonian. The subsidence of the basin increased In the 

Campanian-:VIaestrichtian and a thick sedimentation (1500 metres) 

took place in a neritic enYironment. During the Paleocene-Eocene. 

thick and dominantlv clastic sediments were deposited 

p r o g r e s s i ' e l v t 0\\'a r d s t h e s o u t h e a s t o rr s h o r e p a r t o f t he b a s i n . 

Onshore, continental fluvial sediments of the Barreiras fom1ation 

\•.:ere deposited in the Pliocene (ca. 50 metres). The thickness of 

post-rift sediments reaches a maximwn of 4 km in the offshore part 

of the basin. 
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The structural <I s p e l t <; () r t h i s h a s I n a r c s I\()\\ ll i n r i )! • 5 . 6 h . 

based on Asmus and Ponte (1973). \ o m1a I f a u I t i n g w i t h f o m1a t i o n 

of horsts and grabens characterizes the 1 n i t i a 1 stages or 

seJimenlalton. T'ltt~ ts observed both in the onshore and offshore 

parts or the basin. As shown i n I: i g . 5 . 6 b , 1 n some s t r u c t u r a I 

highs (horsts) svn-rift sediments are absent. The seaward dipping 

of the basin 1s approximat.el:v \W-St:. The maximw11 total subsidence 

of the basin IS obser\ed to the south of latitude 1() 0 S. In plan 

view, the pattern of nom1al fault distribution is very complex. 

5.2 Gravity interpretation 

5.2.1 The Bouguer anomaly map of the onshore basins 

The Bouguer anomaly map of the onshore J<econcavo, Tucano and 

Jatoba basins was obtained us1ng gravity data provided by 

PETJ<OBRAS (Fig. 5.7l. Data reduction has already been discussed 

1n Chapter 2. The Bouguer anomaly map sho\\n in Fig. 5.8 was 

obtained by interpolating the gravity values us1ng the routine 

p r o v i d e d by G PCP ( 1 9 7 3 ) . Th i s p r o c e d u r e \\ a s a p p I i e d t o r e g 1 on s 

vvhere the data coverage is uniform \\i1ereas manual interpolation 

was carried out wi1ere the distribution or the stations was poor. 

Th e r e s u 1 t s b a s e d on ma n u a I i n t e r p o I a t i on a r e p r e s e n t e d a s d a s h e d 

contours. 
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Three I•'IWgraphic. l·ret'-<Jir and 1\(\uguer prL)flles. a c r l 1 s s the 

n o r t h e r n Tu c a n o . c e n t r a I Tu c a n o a n d R e c on c a v o h a s i n s a r e s h O\\ 11 1 n 

I: i g . 5 . 9 . IIi g h <m1p I i tude neg a t i v e an oma l i e s a r e o b s e r v e d 1 n h o t h 

the free-air and Bouguer anomaiy profiies. The ampiitude or the 

n e g a t 1 v e a n om a l 'I i s a h o u t 1 2 0 rrG a I 1 n the central Tucano basin 

wi t h a grad i en t of a hou t 7 niia I / km. The neg at i v e an oma I v in the 

northern Tucano basin has an amplitude or 80 ni1al and the steepest 

gradient 1s about 5 rrGal/km. In the Reconca\o basin, the 

arnpl i tude of the anomaly is only 40 rrGal and the steepest gradient 

1 s about 3 niia I /km. Gravity survey over the Jatoba basin is 

restricted to the reg1on close to the northern Tucano basin. The 

amplitude of the negative anomaly is 30 ni1al. Near the coastline, 

to the north of the Aracaju city (Fig. 5.8). a series of 20 nfial 

arnpl i tude negative anomalies are associated with the sediments of 

the Sergipe-Aiagoas basin. 

G r a v i t y d a t a o r t h e o f r s h o r e r e g i on s we r e o b t a i n e d f r om t h e 

1 : 6 . 000 . 000 f r e e - a i r an oma l y map of the Bra z i I i an con t i n en t a I 

margin (Rabinowitz and Cochran, 1978) shovm in Fig. 5.10a. 

Accuracy in positioning the gravity values 1s relativelv poor from 

t h i s rna p . Th e e r r o r o f t h e f r e e - a i r a n om a 1 y rna v be a s h i g h a s 1 < l 

niial as described in Rabinowitz and Cochran (1978). The relative 

positions of the tv.,.o s t e e p s h o r t wa \ e I e n g t h a noma 1 i e s , the 

n e g a t i v e a n om a I y \\11 i c h i s s i t u a t e d o v e r t h e J a c u i p e h a s i n a n d t h e 

positive anomaly associated with the offshore extension of 

Sergipe-Alagoas basin, are reasonably well controlled by the 

bathymetry. Both anomalies have an amplitude of 75 rrGal. 
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An I S\lp~1ch map lll t h e d i st r i h u t i on u I -; e d i men t s ~~ I on g tile 

Brazilian continental margin (rig. 5.10h) \\'<IS published h',' l'wmr 

e t a l . ( 1 9 7 9 J • Th i s rna p I s b a s e d on c omp i l a t i on o f s e v e r " I 

single cii<JIInel seiSllliL rei'lecliun profiles, sonobuoys and rwo-sh1p 

r e f r a c t i on s e i sm i c s u r v e v s i n t he a r e a . D<I shed con to u r s indicate 

r e g I on s Vvil e r e the basement control IS poor. In these cases, the 

depth or the basement wa" est im<Jted !'rom other sources such as 

structural maps of the offshore basins. provided by Petrobras. 

5 . 2 . 2 De n s i t y d " t a . 

Four density profiles from conmercial wells drilled bv 

PETROBRA.S are presented in Fig. 5.11. Their locations, except for 

the we I I Vv2 , a r e s h oVvn i n F i g . 5 . 5 and they pro v i d e t he v e r t i c a l 

density distribution in the southern Tucano, Reconcavo and central 

Tucano basins. The corresponding stratigraphical information of 

the gamna-garrma density logs from wells Wl and WS is sho'WTI in Fig. 

5.5. Stratigraphical information about the wells \VlO and W2 is 

not available to us. However, the lithology of the Tucano basin 

up to the depth of 4-5 km is basicallv composed of sandstones and 

s i I t s t one s or t he Mass a c a r a g roup . a s e v i den c e d b v o the r we l I s 

sho\\n In Fig. 5.5. An average densitv of 2.40 g cn1 3 is ascribed 

t 0 t h e r i r s t 3 k i 1 orne t r e s 0 r s e d i men t s () r \Ve I l s \\'1 a n d W2 . Below 

this depth, the density probably increases steadilv with depth due 

to compaction of the sediments and possible changes of lithology. 
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mo r e d i v e r s e I 1 t h o I o g y ""11 i c h 1 s a I s o r e r I e c t e d 111 the dens1 tv 

profile. The Ba r rem i an sequence i s r e I a t 1 v e I :v· t h i n 1 n c omp a r i son 

with the Silllie sequence in the ceni ru i i.ti1U northern Tucano basins. 

·3 3 Th e r e i s a n 1 n c r e a s e 1 n d en s i t v f r om u n d e r 2 . 4 g em t o 2 . S g em· 

at the depth of 1. 3 km. Be I ow t h i s d e p t h , the dens i tv 

Increases rapidl.v with d e r t h t ow a r d s 2 . 6 
·3 g em A significant 

prop o r t i n n n r s h ;1 I e i n the \eo c (\11l i an s e que n c e may e :-; p I a i n t he 

relati\elv higher dens1t\ 111 the southern Tucano and Reconca\(1 

basin. 

5.2.3 The gravity models. 

The negative anomalies over the basins are associated with low 

density sediments \\-1lich infill the basins. As sho'-"n in Fig. 5.9, 

the steep grad i en t of the neg at i v e g r a vi t :'>' an oma I i e s co i n c ides 

with the faulted border of the basins. 

In t hi s sect i on, g r a vi tv mode I I in g of the bas ins and deep crust 

1s discussed 111 detail. ']\\'O dimensional graYitv models are used 

t h r o u g h o u t . Th i s i s a n a d e q u a t e a p p r o x i ma t i on f o r t h e s e r i r t - t y p e 

structures. 

Fig. 5.12a and 5.12b present the profiles perpendicular to the 

central and northern Tucano basins. respectively. The vertical 

density distribution is reasonably well controlled, except at the 

11 0 



w 

-20 

-40 

~ -60 e 

?: -80 

1-100 

~-120 

l-140 

-160 

• 

--- Regonal 

o Observed 

- Calculated 

Tucano basin 
1o.6·s 

- - -

- 0 

• 

, 20 km 

• 

Gravity model 

e 5 
-X 
~10 

.... 
~15 
'0 

20 

.&:. + 
~10 
Ql 
"0 

15 

/
normal 
fault 

+ + + 
+ + 

+ 

Sao Francisco 
craton 

1)":<\] Apt1an 

2.65 

+ 

[: .. :·:=:.) Barremian 

+ 

2.40 

2 x vertical exaggeration 

1:;:':.-J Neo com ian 

lf.~>JJ Upper Jurassic 

- -
Sergipano fold 

belt 

1~- --1 Upper Proterozoic 

WArchean 

Fig. 5.12a -Gravity and geological model of the central Tucano basin. 
The numbers indicate the density in g crn-

3 

E 



Northern Tuca no Basin • Lat. 9.3 S 

0----------~----~--------------------------

- -40 
IV 
'-='-8 
E 

-120 

..&: -b.. 
Ql 

5 

Cl 10 

- 5 E 
.X 

-10 

• Observed 
--- Regional 
- Calculated 

... - ... ... - ,.. 
,.. - ... - ---

1;-i;:&j Aptian 

f:.;.),:-.::1 Bar rem ian 

I~=:J Neocomian 

0 • 

2.30 

2 x vertical exaggeration 

Paulo Afonso ----
.. Upper Jurassic 

1-.. : .. J Upper Proterozoic 
( Serg ipano fold belt) 

20 km 

Fig. 5.12b- Gravity and geological model of the northern Tucano basin. 
. •3 The numbers indicate the density 1n gem . 



deep p '' rt ~ , 'I tile h a s 1 n s . Tile h 1 g h amp I i tude n ega t i v e an om a I v 1' I 

about tOO ni1<il over the central Tucano basin is explained bv 7 km 

of s v n - r i f t s e d 1 men t s . in the northern Tucano basin, the 80 niial 

illll p l i L u J e n e g a t 1 v e a n om a l v 1 s i' u l i v a c c o u n t e d for by 5 km of 

svn-rif't s e d i men t s . The geological models are based on the 

structural map or the basin published bv Ojeda ( 1982). In the 

c e n t r a I Tu c a n o b a s i n , the lpper Jurassic-\eocomian sediments 

outcrop onlv on the western and less steep border or the basin 

wi1ereas in the northern Tucano basin the oldest sediments occur on 

the eastern border. The Barremian sediments dominate the deepest 

part uf the basins. The observeu gravitv field over these basins 

s h ows n o e v i d en c e o r f I an k i n g p o s 1 t 1 v e a n oma 1 1 e s . The regional 

g r a v· i t V f i e ] d S U g g e S t S a g r ad U a ] S h a ] ] OW i n g 0 f t he \10 h 0 t 0\Va r d S 

the continental margin to the east. 

Th e g r a v i t v mod e I of the Reconcavo basin is shown 1n Fig. 

5 . 1 2 c . Th e g r a v i t y a n om a 1 i e s o v e r t h i s b a s i n ( p r o f i 1 e C- C ' 1 n 

F i g . 5 . 8 ) we r e i n t e r p r e t e d a s a s e q u e n c e o f 4 - 5 km o f 1 ow· d e n s i t y 

svn-rirt sediments. A better control of both the vertical density 

distribution and the depth to the basement is provided by the 

wells indicated 1n the same figure. The gravity model agrees with 

the structural information or the basin obtained by independent 

d a t a ( Oj e d a . 1 9 8 2 ) . Th e e a s t e r n h a I I o f t h e R e c o n c a v o b a s i n i s 

situated over a slight!~; attenuated crust ( about 5 km) . In 

contrast to the Tucano basin. the \eocomian sequence dominates the 

Reconcavo basin. 

111 



r 

Bouguer 

':r_a_n_o_m_a-ly--------------------------------~~~-·-----
7 

~ -401 • 0 bserved 

... -Calculated -80~ 
.. 

Model W6 

E 0 
~ 

...: 

.c 

a. 2 
QJ 

0 ,r 2.70 
~0 km 

r---J 
r--' 

201 
~ 30 

2.9{) 

~ 40 3.30 

Fig. 5.12c- Gravitv model of the Reconcavo basin. Profile C·C' of 
F i g . 5 . 8 . Dens i t y i n g cm-3 . The a r r O\••s i nd i c a t e the 
we I I s \'l,ll • \VS . \V6 u sed t o o b t a i n the d e p t h of the 
Lower Cretaceous sequences. 



I ~ indic<ttC'd 

5.8. Th1s pruiile cuts ohiiquelv t he Tu c an o b a s i n and IS 

perpendicular t P t h e c on t 1 n e n t a I ma r g i n .J a c u i p e 

'imp! i!! ed (l r Cl \' I f '' b ' .._ ••• \. -~ 
, ... -.n,1 .-. l 
111\JU\... I "' \)I 

• l~ ~ 
L IIC' on,hure Tucano 

basin. 

and of! shore 

Jacuipe basin is sho\VTJ together with the modelling of the Moho. 

The .lacuipe basin I S the least well kno\'vTI basin. I n f o rma t i on 

alwut the stratigraphv and densitv or the sediments of t hi s 

sectillll or the continental margin w;1~; not avai !able. Therefore, a 

~ ~ d . h dens i tv v a I u e or 2 . _,() g em was ass wne 1 n t e present mode l l i n g . 

Th e s t e e p n e g a t i v e r r e e - a i r a n om a I y o f 7 5 rrG a I 1 n ;m1p l i t u d e wa s 

mode l I e d a s a J o c a J wedge of I ow dens i t y sed i men t s wh i c h forms the 

J a c u i p e b a s i n . A d e p t h o f a b o u t .:.1 km i s e s t i rna t e d f o r t h i s b a s i n . 

The gravitv model shO\vs a Jack of positive anomalies flanking the 

borders or the Tucano basin suggesting a flat Moho topography 

beneath the basin. To the east of the Tucano basin, the positive 

g r ad i e n t o r t he g r a\' i t v f i e J d t o\va r d s t he c on t i n e n t a l rna r g i n i s 

mode J J e d as due to a relative shallowing of the Moho. The 

thickness of the continental crust is highlv attenuated under the 

.lacuipe basin. 

The gra\'itv model or the Sergipe-.-'\Jagoas basin (profile B-B' In 

Fig. 5.8) is based on the structural map of the basin published by 

Asmus and Ponte (197J).The gra\ity data O\'er the offshore part or 

the basin were obtained from the Free-air anomaly map of 

R a b i n ow i t z a n d Co c h r a n ( 1 9 7 8 ) . 111 e g r a v i t y mod e J o f t h i s b a s i n , 

\vhich is presented in Fig. 5.14, suggests a crustal attenuation of 

18 km occurring over a distance of 15-20 km. The outline of the 

112 



GRAVITY 

50 

01 ;7 .c-= \ ... , . \ ""' ........ 

co 
0) -so 
E 

-100 .BOUGUER 
x FREE AIR 

-150 CALCULATED 

Tucano Basin Jacuipe Basin 

2.3 1.03 MODEL 
Or-----------------~~~~----------~~~~--

10 

E 20 .:::;:. 

30 

' ?~ ___ .----/. 2.8 

3.3 

rtg. 5.13 - Simpltfied gravity model of Tucano and .lacutpe hastn';. 

J> r of i I e A- A' 1 n F i g . 5 . 8 . Dens i t .v i n g cn1 3 . 



--------- ------

I 
r'\) 

I l9 
E 50 
>-
ro 
E 
0 
c 
ro -50 >-

-+-

> -100 ro 
L 

l9 

0 

Sergipe- Alagoas basin 
X 

2.40 

' ' / 

" / - --
I 

' " 
/ 

'2.70 ' I 
/ ' ' / " I I 2.90 ' / / 

' ' ' " / 
/ 

' 
/ 

' I c 08? / / 

' 
/ 

I 2.90 / 

3.30 --... \. " 
.so km 1 

5. I 4 - G r a\ I tv nl\ld e I 0 r the Se r g I re . .'1, I a goa s bas In . 
p r (l r i I e B . B' I n r i g . 5 . 8 . I k n s I t \" i n g cni 3 

. 

I 



\1,111\l ttlJW):~rLtpll\. -;llil\\11 111 l'ig. 5.1.\ J nJ 1:1 g. 5. 1-1. I 11 d I l ~I t e S d 

,. e r ,. t r J n s i t i on r r om n o m1<1 i c on t i n e n t J I c r u s t t O\\/~lf d s J n 

JttenuJted ( transi tional 1 ) continental crust or oceanic crust. 

t"' n c ; t i n n n I' f''-''' I 1.. I \111 \)I the ,-.,, ..... t; .... ,..,. ..... t- ,, 1 
'-.\)II l I IJ ~ ll \ U I 

"'' ............... .--
\) L I...- U II I L crustal boundar~v i~ 

ntlt kno\\11. However. based on magnetic anomalies. Rabinowitz and 

LaBrecque ( 1979) a n d I< a b i n ow i t 1. ( 1 9 8 2 ) h a v e s u g g e s t e d t h a t t h e 

oceanic crust stctrt-; ~~~ Jbout 2000 metres \\·ater depth. 

5 . 2 . --1 Th e i s o s t a t 1 c c omp e n s J t 1 on n 1 t h e on s h o r e b a s i n s . 

Th e I a c k o f p o s i t i v e a n om a I i e s f I a n k i n g t h e b o r d e r s o f t h e 

on s h o r e bas i n s s u g g e s t s t h a t the c omp ens a t i on of the 1 ow dens i t y 

s e d i men t s i s no t a c c omp I i s h e d I o c a I I y ( A i r y i s o s t a s y ) but the 

basins may be sustJined \Vithout local compensation by a strong 

lithosphere. The observed negative a noma I i e s are totally 

accounted for bv the sediments \\11ich infill the basins. 

I n o r d e r t o e s t i rna t e t h e f I e x u r a I r i g i d i t y o f t h e I i thosphere 

111 the region, and the wav 1n wi1ich the sediments are compensated, 

a n e I a s t i c p I a t e r h e o I o g v wa s a s s tm1e d . Ry fo II owing the same 

procedure outlined i n ( ~h a p t e r 3 . s e c t i on 3 . 2 . 2 , t h e c omp e n s a t i n g 

gra\it\' effect of the low densit\ sediments which infill the basin 

c a n he p r e d i c t e d b v c a I c u I a t i n g t h e J e r I e c t i on o f t he \to h o an J i t s 

g r a' i t y et f e c t . The one J i mens i on a I e qua t i on of de forma t i on \\{ k ) 

of an elastic plate with a negative load on top caused by the 

sedimentary basin, is written in the wavenumber domain as 
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I) k 4 W( k) + 

\Vh ere B( k J I S the spectral representation of the depth of the 

basin. Af1 is the density contrast bet\\een the sediments and the 

c r u s t . D. r i s t h e d en s i t v c on t r a s t he twe en t h e man t I e and the c r u s t 

a n J I) i s t h e I I e x u r a 1 r i g i d i t \" . Th c d e f o rma t i on W( k ) IS written 

as 

W(kl 

B.v calculating the Inverse Fourier transform of \\tid the 

d e r I e c t i 0 n 0 r t h e Mo h 0 vA X ) I s e a s i I .v 0 h t a i n e d . The gravity 

effect can be calculated using Parker's method (1972) as already 

d i s cussed 1 n Chap t e r 3 sec t i on 3 . 2 . 2 . 

\\11 e r e 

,..., 
21\ GApexr(-k zm l 

F i s t h e F o u r i e r t r an s 1· o m1 

l'" 1
1s the in\erse Fourier transform 

1. m 1 s t h e d e p t h o f t h e Mo h o , G i s t h e g r a v i t a t i on a I 

c o n s t a n t a n d \1 i s t h e rna x i mum o r d e r o f t h e s e r i e s . 
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Tile \In lw t l 1 p o g r a ph,. and r e s p e L t i ' c g r a' 1 t \ e II e c t a r e \ 11 '1\\ 11 1 n 

F1g. 5.15 for different values ol the ellect1Ve elastic thlcJ.;ness 

Te. The c omp ens a t i n g g r a v i tv e f r e c t predicted bv a local 

c omp en~; ~it i on i ~; s h uv"n r or an e l as t i c p l a t c -...vi t h z e r ll tlttck.ness. 

For lm.v flexural rigiditv lithosphere, the observed grav1tv f1elcl 

s h o u I d p r e s en t p o s i t i ,. e an om a I i e s f I an J.;i n g t he s i de s of the bas i n s 

as 1n Fig. 5.15a. Th e m i n i mwn e I a s t 1 c t h i c ].; n e s s i n v·Al i c h n n 

significant \loho UJW·:arp is predicted 1s approximatelY 50-80 km. 

I: 0 r t h I s e f r e c t i \' e r I e X u r a I r i g i J i t \' , a ma X I mum u J)\\'a r p 0 r t h e 'vlo h () 

of about 2 km is obtained (Fig. 5.15b). The long wavelength 

gravity effect of tO rrGal will only appear as a regional component 

of the gravity field. Therefore, the lithosphere is rigid enough 

to sustain the basin without any significant deflection. 

An effective elastic thickness of 40 km suggests that the 

the rma I structure of the I ithosphere under the onshore basins has 

not been modified significantly during and after the formation of 

the basins. This result agrees with the subsidence history of the 

o n s h o r e b a s i n s \'.'11 i c h i s c h a r a c t e r i z e d by s h o r t 1 ived subsidence 

a n d I i t t I e . i f a n y . t h e rma I s u b s i d e n c e . 

5.3 The mechanism of formation of the l'nshore basins. 

Recent studies of passive margins basins (StecJ.;Jer and Watts, 

1978; Royden and Keen, 1980; De Charpal e t a I . , 1978) han 

demonstrated the applicability of McKenzie's model (McKenzie, 
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subs1dence ol the c on t 1 n e n t J I ma r g 1 n s . The rift1ng stage 

initiJtes with lithospheric extension and crustal attenuation due 

to stretch1ng. An 1 n c rea s e 1 n the the rn1a I g r a cl i en t i s caused bv 

the p a s s i v e u J)\Ve I I i n g of t he a s t hen o s ph e r e . The crust extends 

u n i f o rn1l y by no rrna I faulting. ot possible listric type in the 

br1ttle upper crust and bv ductile deformation ol the lower crust. 

The in i t 1 a I isostatic subsidence 1s dependent on the initial 

crustal and lithospheric thicknesses and on the amount of 

e x t en s i on . Th e r i f t ph a s e 1 s r ega r d e d a s i n s t an t an e o u s ( I e s s t h a n 

25 ~ta) and it is followed by further subsidence caused by the 

isostatic response t o t h e c o o I i n g a n d t h e rrna I c on t r a c t i on of t h e 

I i thosphere, after the cessation of the extensional regime and the 

on s e t o f s e a f I o o r s p r e ad i n g . Th e t h e rma I s u b s i d e n c e , \Vh i c h c a n 

be amplified by sedimentary loading. is characterized bv a rate of 

subsidence which decreases exponentially with a time constant of 

50 - 1 00 \1a . 

This simp I e mode I of extension and subsequent modifications 

(Watts et al., 1982; Royden and Keen, 1980; Hellinger and Sclater. 

1 9 8 J ) fa i 1 s to ex p 1 a i n the way the on s h o r e Tu can 0 and J a t o b a 

b a s i n s v.·e r e formed . The s t r a t i g rap h \' n f t he s e b a s i n s shows t h a t 

the :v a r e c h a r a c t e r i zed b_v s h or t 1 i \ e d subs ide n c e \\i1 i c h t e rrn i n a t e J 

in the Aptian. The sedimentation of the onshore basins was 

synchronous with the rift phase of the offshore Sergipe-Alagoas 

and Gabon basins. However, v.-11en the offshore basins went into the 

t h e rma I ph a s e o f s u b s i d e n c e , t h e on s h o r e b a s i n s s t o p p e d s u b s i d i n g . 
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Til 1 ~ .~ u h s 1 cl c n c e p :~ t t e r n i ~ a I s,' c tllllp <I t i h I e w 1 t ll the pre~ent 

crustal structure i n I e rr e d I rom the g r a vi tv i n t e r pre t a t 1 on . The 

a b s e n c e o f J e t e c t a b I e \lo h o t o p o g r a ph v b e n e a t h t h e o n s h o r e b a s i n s 

suggest that the local t h e m1a 1 s t r u c t u r e wa s no t s i g n i r i L <t n t l Y 

altered during t h e i r r u rma t i () n . Crustal attenuation occurred 

further t 0 the east, beneath the offshore basins. wi1ere the 

Jeposit1on of 3--1 km of svn-rirt sediments is followed b,v further 

sub s i d e n c e l) j. a b 0 u t 4 1-..m a r t e r the initiation or sea floor 

spreading. 

Therefore. a pro b 1 em of b a 1 an c i n g the up p e r c r us t and 1 owe r 

C r U S t d e f 0 rma t i 0 n e X i S t S i f t h e 0 p e ll I 11 g 0 f these onshore and 

offshore 

extension. 

extension, 

bas ins 1s analysed within the context of uniform 

However, if a different mode of lithospheric 

such as the "simple shear" model proposed by Wernicke 

(1981,1985) and Wernicke and Burchfiel (1982) 1s considered, 

balancing or differential stretching of the upper crust 111 the 

region and lower crust and lithosphere in another reg1on can be 

a c h i eve d a c r o s s a I ow an g 1 e d e t a c hme n t f au 1 t . The i d e a p r e s e n t s a 

mechanical solution to many geological problems \\i1ere upper crust 

extension 1n one region needs t o b e b a 1 a n c e d a g a i n s t 1 owe r 

I i t h o s ph e r e d e f o rma t i on i n a n o t h e r r e g 1 on . 

In the context of the open1ng of the South Atlantic. such a 

de t a c lm1e n t fa u I t a 1 1 owed the open i n g of the onshore bas i n s d u r i n g 

the rifting stage without significant deformation of the lower 

c r u s t u n d e r n e a t h . Th e I owe r c r u s t e x t e n s i on wh i c h c omp e n s a t e s 
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a t t he s J.llle t 1111e . 

l·urther to the east 1n the regton of the present conttnental 

marg1n. 

Th e e x i s t en c e o f J d e t a c lm1e n t i s r e i n f o r c e d by t h e temporal 

he tween the evolution of the onshore basins and the 

c on t i n en Lt I ma r g i n bas i n s . Synchronous sedimentation occurred 1 n 

the onshore and otrshore bas1ns during the rifting stage (Lpper 

Jurassic - LPwer Cretaceous to Aptian). In the late Aptian, 

sedimentation stopped in the onshore basins and it went into the 

them1al phase in the offshore basins at the time of the onset or 

sea floor spreading. 

It is possible that the detachment fault, \Vhich 1s postulated 

to explain the formation of the Brazilian onshore and offshore 

b a s i n s , r e p r e s e n t s t h e b a s a l c on t a c t be twe e n t h e S e r g i p a n o f o I d 

belt and the Sao Francisco craton (Fig. 5.1). The Sergipano fold 

belt IS composed of at least 5 km of greenschist t o amp h i b o I i t e 

f a c i e s me t a s e d i men t s \\11 i c h we r e t h r u s t e d and f o I d e d a g a i n s t t he 

Sao Francisco in the Lpper Proterozoic (Jardim de Sa et al., 

1981). The \\\VVaza Barris thrust fault (see Fig. 5.6b) appears 

to control the separation of the onshore central Tucano from the 

northern Tucano sub-basin and the Sergipe-AlagL>as basin from the 

Jacuipe basin, 1n the offshore reg1on. Apparentlv, the onshore 

basins cross cut the Upper Proterozoic Sergipano fold belt. 

However, the net displacement of the hanging wall, \\hich led to 

the opening of the onshore basins, and in particular of the Tucano 

11 8 



h;1sin. \\<IS p<~rallel t11 the\\\\. thrust r" u 1 t s. Th 1 s o h s e n a t 1 \ l n 

suggests a close relationship hetv,·een the distribution llf these 

onshore basins and the tectonic fabric ot· the Proterozoic fold 

belt. 

Th e s e lj u e n c e 0 f e v () I ll t I 0 n () f t h e 0 n s h 0 r e a n d 0 f f s h 0 r e b a s i n s 

can he Yisuali!.ed bv reconstructing the pre-drift configuration of 

this part of the the Br;l!ili;Jn continental margtn. The African 

counterpart of this segment ot the Bra1.ilian continental margin is 

the present continental marg1n off Cia bon. The plate 

reconstruction us1ng the isobath of 2000 metres is shown in Fig. 

5.16. An approximate outline of the African equivalent of the 

Sergipano fold belt i s a 1 s o p r e s en t e d i n t h e s arne d i a g r am. The 

correlation of this fold belt in Brazil and Africa was carried out 

lw Allard and Hurst (1969). The pre-Jurassic basement of Gabon 

basin is composed of' upper Proterozoic renmants (Allard and Hurst, 

1969) and Palaeozoic marine sediments ( Klasz. 1978). In contrast 

to its Bra1.ilian counterpart \>.-t1ich is the Jacuipe basin, the Gabon 

basin (Fig. 5.17) 1s a well developed passive margin basin with a 

total width of 200 km perpendicular to the marg1n. The thickness 

or svn-rift sediments 1 s a s much as 6 km i n s orne p a r t s of the 

b a s i n a n d J t 0 ... km 0 r p 0 s t - r i r t s e d i me n t s a r e c u t h v rna s s i v e s a 1 t 

diapirs (])ri\er and Pardo. 1 9 7 --1 : B r i n k , 1 9 7 4 l . Th e r o s t u 1 a t e d 

sequence l)f evolution of this part of the Bra1.ilian and AJrican 

c on t i n e n t a 1 ma r g 1 n 1 s i 1 1 u s t r a t e d i n F i g . 5 . 1 8 ( a . b , c . d ) . 

119 



w 200m coast E 
·, : .. ·:: ·_:- . 

3 

( km) 
8 

SO km 

{C./;;·;;i:a post- rift from Brink (1974) 

[[iJ salt 

1=. --_-·:=.] sy n- ri tt 

{xxxfl crystalline basement 

fig. 5.16- Simplified crL"' '<'Ltton "cross the Gabon basin based on 
Brink (197-1) 



[.>.>>J BASINS 

§FOLDBELT 

._yTHRUST 
Y FAULT 

200 km 

Fig. 5. 17 

I 
I 
I 
\ 

...... . . . . . . ... : : ""/-------\ .... 
·. ·.~----------\ 

I 

I 
I 

-Pre-drift reconstruction of the Bra;.il1an and African continental 
ma r g i n s . A- . .; ' i s t h e p r o f i I e con s i d e r e d i n I: i g . 5 . 1 8 . 
\13 = Vaza Barr1s Fault. 



A PRE -JURASSIC A 
0 

UPPER 
10- PLATE 

a E 
LOWER "" lO-

PLATE 

JO 

NEOCOMIAN 

b ~:_· __ :s;: ___ _ 
ALBIAN-APTIAN 

0------.. 

10-

( E 
"" 20-

30 ~--------------------

,---GABON BASIN-. 

T UCANO BASIN ATLANTIC EASTERN 

d 

PRESENT 2000 2000m c 1 
0---------~~~~~-------~~~1-m , ~oas 

~~ "-?~;::::::::=:-~ 
,."'A - /'! "? . ~.-. ~ 

10-

? E 
.X 

20-

30------------~ =--] post-rift ~-- ~ syn· rift 

100 km J t.J salt :,., ~ ,., i oceanic crust 

F i g . 5 . I 8 - \1o d e I o f e v o I u t i on o f t h e R r a z i I i a n a n d A f r i c a n c on t i n e n t a I 
marginsand South Atlantic opening. ·n1e arr0\\. 1n (c) Indicates 
the approximate position of initJatJon of seJ floor spreading. 



I n 1- i g . 5 . I t> a t he p t 1 \\ u l a t e d d e t a c hme n t 1 s supposed t (I c Ll t 

t h e e n t i r e c r u s t , d i p p i n g t ow a r d s the African continent. I he 

lower "plate" represents the South American continent -wi1ereas the 

upper "pi are C\Jnla111S Lhe Se rg 1 fliliiU rold 1. _ I ~ -~ J .._ 1~ - ;\ 1' •• _ _. _. -

Ut: I l ill!U Lilt: :-\1 I I l-ull 

c on t i n e n t . Th e e x t e n s 1 o n 'it a r t e d 111 the Lpper Jurassic and 

continued throughout the Lower Cretaceous (Fig. 5.18b) with the 

oren1ng ni' the Tucano bas1n anJ. s:vnchronouly, the opening or the 

Jacuipe and Gabon basins in the region of the present continental 

marg1ns. The opening of the Tucano basin was controlled by a low 

angle detachment f au I t , w i t h a r e I a t i v e e a s twa r d mo verne n t o f t he 

upper plate and c o l I a p s e o f t h e h an g i n g wa l I . Faulting was 

restricted t o t h e u p p e r c r u s t . Th e u p p e r c r u s t a l e x t e n s i on wa s 

t a ken up by l O\Ve r I i tho s ph e r i c ex t ens i on I n the reg i on \\11 e r e the 

Sou t h A t 1 a n t i c wa s s t a r t i n g t o f o rm . 

At the end of the Albian (Fig. 5.18c), the extension ceased and 

the Tucano basin stopped subsiding. The final break up and 

subsequent sea floor spreading apparently started near the present 

Brazilian coast which resulted in an ass:vmetric distribution of 

c on t i n e n t a I ma r g 1 n b a s i n s a t t h i s I a t i t u d e . 

Fig. 5.18d shows the present distribution of basins at the 

ma r g i n o r t h e B r a z i I i a n a n d A r r i c a 11 c on t 1 11 e n t s . 
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A <; h o r t I i \- e d subs i d en c e ( <. 2) \1;1 ) w i t h an a c c W11U I a t i on ol up 

crustal to 7 km o I s e d 1 me n t s . w i t h no evidence ol I ower 

a t t e n u a t i on n o r t h e m1a I s u b s i d e n c e . c h a r a c t e r i z e s t he e v o I u t 1 on o r 

the on s h o r e R e con c avo . Tu c an o and J a t o b il b a s i n s . These basins 

v-.ce r e r o rme d d u r i n g the rifting stage or the South Atlantic 

open1ng. A model ol basin fom1ation based on an un1fom1 extension 

0 r the ithosphere fai Is to explain the I inked evnlution of the 

onshore and offshore basins at this latitude of the Brazilian 

continental margin. A mechanism in the lines o f We r n i c k e' s s imp I e 

shear model 111 \\11ich upper crust extension 1n one reg1on 1s 

c on n e c t e d t o a n d b a I a n c e d a g a i n s t 1 O\Ve r I i t h o s ph e r i c e x t e n s i on 1 n 

another intracrustal detachment appears to be more 

adequate to explain the wav the onshore basins were formed. This 

detaclm1ent mav have also played an important role in controlling 

the distribution of basins off Brazil and Africa. 
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U1APTU\ S I\ 

(~ u r 1 L l u s i on s J n d 1) i s L u s s i u n 

6 . 1 Th e I s o s t a t i c An a l y s i s o f Bah i a S t a t e 

Th e r e s u I t s 0 r t h e a p r 1 i Cl t i () n 0 f the isnstatic response 

function analvsis to Bahia State gravity and topographic data 

s h O\\' t h a t , by taking into account both the surface and 

subsurface loads, a n e I a s t i c p l a t e w i t h a m i n i mum t h i c k n e s s o f 

20 to 40 km e:xpl a ins the compensation of the northern S5o 

Francisco craton. This result confirms Forsyth's explanation 

wi1v abnom1al ly low flexural rigidities were obtained in previous 

application of the same technique to continental areas (Banks tl_ 

~.1977; Mc~utt and Parker, 1978). l.ow· f I ex u r a I rigidities 

were obtained because the observed isostatic response function 

has been interpreted in the context of an elastic plate loaded 

only on top and because the compensation of the surface 

topograph.Y was assumed to be at a single depth, at the \:toho. In 

the particular case of Bahia State isostatic response function, 

the result obtained cannot be interpreted within the context of 

a plate l0aded from the top onlv. Subsurface loads must be 

present in the centre of the S5o francisco craton. 

Based on the geological history of the EspinhaGO Fold System, 

two p o s s i b I e s u b s u r f a c e I o ad s , w11 i c h a r e n o t mu t u a 1 1 y e x c 1 u s i v e , 
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were c t 1 n s i J e r e d 1 n 1 n t e r I' r e t 1 n g t h e i' h s e r \ e d i s (1 s t a t i c r e s p on .s e 

function. F i r s t I 'i . t he o b s e r v e J top o g r a ph v mil Y be p J r t I Y o r 

who I I 'i c omp e n s a t e d n e a r t h e s u r f a c e by a I ow d e n s i t y up p e r c r u s t 

( 5 - 1 () km) c omp o s e d ma i n I y o I grJnites With s u lnJJ d i n a t e "c•; cl 
Ll L 1 U 

\ o I can 1 c s and me t a sed i men t s . Th e P <I r <m1 i r i m c omp I e x g r an i t e 

d i s c u s s e d i n Ch a p t e r 4 1 s a maJ o r p a r t o f t h i s s u b s u r f a c e load. 

The amp I i r I cat ion 0 r the obsened response function of Bahia 

5 t <1 t e a t ~ = 4 0 0 km ma v b e c il u s e d bv a second subsurface load 

a s s o c i <It e d w i t h a t h i c k e n i n g o r t h e c r u s t b e n e a t h t h e E s p i n h a s o 

Fold Svstem. 

Roth subsurface loads produce topography from within as a 

r I e X ll r a I r e s p 0 n s e t 0 t h e b u () :v a n t e r r e c t 0 r t h e I ov.. d e n s i t :v up p e r 

crust and crustal root at the base of the crust. 

Th e r e s u I t o f t h i s s t u d v 1 s c on s i s t e n t w i t h t h e a p p a r e n t 

increase of flexural rigid i tv wi t h the the rma I age of 

I i t h u s ph e r i c p I a t e s . Th i s i s s h O\l.. 11 by p I o t t i n g t h e result of 

the present study with the results obtained hy Karner et al. 

( I 9 8 3 ) ( F i g . 6 . 1 ) . Th e m i n i mum t h i c k n e s s o f t h e e 1 a s t i c p I a t e 

inferred 1n the present study ma.v be between 20 and 40 km and 

the age of the last them1al event 1s between 1.0 and 0.5 Ga. 

llnwe\e r. because the isostatic response !unction presents the 

same amb i g u i t y of the g r a\ i t y method , the lack of independent 

constrain such as the topography of the Moho or the average 

depth of the low density rocks 1 n t h e E s p i n h a c, o F o I d S y s t em 

I imi t s the inference of both the upper bound of the flexural 
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Fig. 6.1- Flexural rigidity of the northern Sao 
Franc i s co c r a t on i n c omp a r i son \Vi t h the 
results of oceanic and continental 
flexural studies after l':arner et al. (1983). 
Dots for oceanic studies and open s:vmbols 
for continental studies. 
Continuous and broken curves are the values 
of flexural rigidity as a function of the 
the rma I age of the pI a t e , pre d i c t e d by a 
c o o I i n g 1 2 5 km a n d 2 50 km t h 1 ck p I a t e mod e I . 



rigidJl\ and the reLilJ\t 111lJ1lHLIJ1L·c ol the t"u suhsurlace J,,aJ-; 

c on s i de r e d 1 n t h i s s t u d v . A s e 1 sm 1 c s u r v e v a c r o s s t he I: s p i n h a t; o 

F o I d S .v s t em 1 s therefore necessarv before a Jel'initive 

conclusion about the c omp ens a t i on me c h <Ill 1 sm J n d the f' l c:; u r :1 J 

r i g i J i tv· of the l i t h o s ph e r e i n t h i s reg i on a r e d r awn . 

6 . 2 l i r a ' i t y S t u d y o f t h e P a r am 1 r i m C omp l n. Ci r an i t e . 

The I a r g e and h i g h ;unp I i t u de neg a t i v e g r a v i t y an om a l .v . wh i c h 

1 s s i t u a t e d a t the vve s t e r n borde r or the P a rami r i m c omp l ex and 

near the Espinhaso fold belt, is Interpreted as having been 

produced by a granite of batholithic dimension. A deep seated 

s C' u r c e of an oma I y such as an a bn o m1a I I ~, t h i c ken in g of the c rust 

wu s r u I e d o u t by u s i n g t h e c r i t e r i on o f rna x i mtm1 d e p t h o f t h e 

anomalous gravitating bodv·. There is not a correlation between 

t he me t a sed i men t s and t h i s l o c a l neg a t i v e an oma I v . Th i s r u I e s 

out the possibility of sediments being the main source of this 

anomalv. 

Th e on l \" p I au s i b l e source of t h e n e g a t i v e a n oma I ~· 1 s , 

therefore. a granitic intrusion v.i1ich 1s not conspicously 

n.pnsed in the region where the negative gra\It\" anomalv 1s 

obsened. The possibilitY of granites being the main cause of 

the anomaly is reinforced by the widespread presence of granites 

1n the gneissic and mibmatitic basement of the Pa rami rim 

complex. l11e intrusion of the granites is possibly associated 
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\\I t lJ the 

be I t a n d t h e D i ;una n t i n a tablelanu 1n the \1i del I e Proterozoic 

(\1cReath et al .. 1981). 

Assuming that the regional f1elu 1s produced bv a slight 

thickening or the crust. <J two dimensional mode I I 1ng of the 

grJ!ll t e vieldeu an est i mat eu thickness (' r 13 km for a dens i tv 

or ~ () . 1 ·3 
This depth decreases a bou r 8 km i f contr<~st g em to a 

d e n s 1 t \" c t 1 n r r a s t o r ~ 0 . 1 5 g em "3 
1 s a s s tm1e d instead. These 

r i g u r e s rna y 1 n c r e a s e by 2 km i f t h e " o u r c e o r t h e r e g i on a I f i e I d 

i s e n t i r e I y a s c r i be d t o a n e a r s u r r a c e I ow d e n s i t y r o c k s . Th e 

granite extends laterally from underneath the Espinhac,o fold 

be I t t O\Va r d s the c en t r e of the P a r ;:un i r i m c omp I ex ( 3 5 km) . I t i s 

very likely that the s i de s of the g ran i t e s I ope o u twa r d s . 

Considering that the granite batholith extends for about 200 km 

along its WV strike, t he e s t i ma t e d v o I tu11e o f I ow density 

granitic rocks is about 7x10
4 

km
3

. 

Th e I a c k o r d e t a i I e d g e o I o g 1 c a I i n f o rma t i on d o e s n o t a I I ow u s 

to relate with certaintv the time of intrusion of this granitic 

batholith \\ith the Espinha<;o orogen','. It 1s possible that the 

large circular non~foliated h-rich granites round to the 

south\vest or Para.mirim citv are the expo-;ed part or the granite 

batholith. If so, the radiometric dates obtained by Jardim de 

S ' a e t a I . (1976al suggest that the granite could be either 

syntectonic or it postdates the Espinhac,o orogeny (1.3 Ga). The 

discovery of this non-exposed granite may provide new evidence 
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.-\ de t a 1 I e d g r a v i t v s u r v e y . c omh 1 n e d \\ 1 t h a c a r e f u I d ens i t v 

s ;m1p I i n g . a c ross t ll e F s pi n h a~ o i: o i J S v s t em 1 s a suggestion r r.,. 
I U I 

f u r t h e r wo r k to 1mprove the detai Is of th1 s dubiouslv exposed 

anomalous hodv. This \\·ork should be combined \\ith a detailed 

geological study of the reg1on to search for the granite and 

de t e nn i n e 1 t s age . .-\.n interpretation of the l <t r g e n e g a t i \ e 

ma g n e t i c <J n oma I v t t' t h e s <' u t h o r P a r ill111 r i m c i t v ma \ a I s o p r o v i d e 

further constrain on the deep structural r e I a t 1 on be t\ve en the 

granite and the countrv rocks. 

6.3 Gravity and Stratigraphic Studies of the 

Mesozoic to Tertiary basins. 

The historY of subsidence of the onshore Reconcavo. Tucano 

and Jatoba basins indicates that these basins were entirely 

fr•rn1ed during the rifting stage of the South Atlantic opening. 

Lp to 7 km of sediments were deposited in less than 25 \1a during 

t h e L p p e r - J u r a s s i c t o t h e .-\ p t i an . Th e c on t i n en t a 1 rna r g i n b a s i n s 

record the s';n-rift sedimentation and is followed by thermal 

subs i d en c e \\11 i c h s t a r t e d w i t h the onset of the sea-floor 

spreading 1 n the late Albian. The onshore basins are 

c h a r a c t e r i zed b :v neg a t i v e g r ;n i t ~- an oma I i e s vvn i c h r an g e f r om 50 

to 110 nfia 1 and there is no indication of flanking positive 

a n oma 1 i e s . Th i s s u g g e s t s a I a ck of s i g n i f i can t \1o h o u pwa r p 
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hen e <t t 11 7 km 111 

s e cl i men t s . v..i1 1 c h a c co u n t tot<tllv for the observed negative 

gra\·itv anomalv. are supported hv a stronger lithosphere. Such 

Inference from the gravi tv study indicates that the the rma i 

s t r u c t u r e be n e a t h t h e s e b a s i n s wa s n o t a I t e r e d d u r i n g a n d a f t e r 

t h e i r f o m1a t i o n . Til i s a g r e e s w i t h the subsidence historv of 

these nnshore bas1n~ which I 1 t t I e . I f a n \" , t h e m1a ] 

subsidenL·e. Crust<tl <~ttenuatJc,n. sYn-ri!'t sed i menta t ion and 

post-rift sediments <tss,Jciated \\·ith thermal subsidence are only 

o h s e rv e d i n t he con t i n en t a I rna r g i n h a s i n s . The r e i s . the r e fore , 

a relay 1 n the I ithospheric extension between the onshore and 

offshore basins. This suggests that the Brazilian onshore and 

offshore basins. and their counterpart African basins were 

formed by non-uniform extension during the rifting of the South 

At 1 an t i c Oc e an . 

A model in the lines of Wernicke (1982, 1985) 1 n v\i1 i c h the 

balance of defom1ation 1s accomplished across a maJtH detaclm1ent 

(or decollement) fault 1s a possible mechanism to explain the 

non-unifom1 extension during rifting. This also confirms Bott's 

(1982) suggestion that. during rifting. upper crustal extension 

may occur bevond the I i m i t of :"0- 1 ()() km vvh ere I ower crus t 

defom1ation takes place .. .\,nv- attempt tn balance the lower crust 

and upper crust extension Within <1 narrow region around the 

continental nmrg1n is I ikely to be unsuccessful if rela~· in 

upper crust and lower lithosphere extension has occurred. In 

the context of balancing the extension across continental 
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ma r g 1 n ~ . 

g e n e r a I r u I e . c omp I eme n t a r v r 1 I t e J ma r g 1 n s ;1 r e no t s yrrme t r i c a i . 

\Vi t h the onset of sea 

··- .. - ' 
L I U" l <.1 I 

floor s p r e a J i n g . t h e b a s i n wi1 i c h wa s 

1 ..... ,. 
I<:: I on one t \, D 

lll\.. 

r i f t e d ma r g 1 n wi1 e r e a s the basin overlving a more attenuated 

I ov.;e r c r u s t 1 s now !' C\U n d "n t h e c ump I eme n t a r .\ m;1 r g 1 n . 

I n t he p a r t i c ll I a r c <I s e () r t he H r a/ i I I <In () n s h () r e and 0 r f s h 0 r e 

basins and the complementarY Gabon basin. it appears that the 

distribution of these basins was controlled by detachment 

faults. I t I s s t i I I u n c I e a r \\h e t h e r these detachments are 

reactivation of pre-existing faults or whether the,\' are created 

during the extensional reg 1me. I n f o rma t i o n on the 

characteristics of extended crust. topograph.\ of the Moho and on 

how the s e de t a c lm1e n t s a r e a c c omod a t e d a t de e p e r I eve I s a r e s t i I I 

to be obtained f rom deep s e i sm i c sound i n g a c r o s s con t i n en t a I 

marg1ns. 

As further work. along the ine of the present studv. it 

would be useful to carrv on a c omp a r a t i v e q u an t i t a t i ,. e 

subsidence studv of the Brazilian and African basins svstem at 

t h i s l a t i tude of the S \) u t h At I an t 1 c m;1 r g 1 n 1 n o r de r t o e s t i rna t e 

\Vhether the upper crustal extension. \\hlch formed the onshore 

Brazilian basins, was taken up bv lower crustal extension in the 

Gabon basin. In this case, there should be as surplus of lower 

crustal attenuation and post-rift sedimentation c omp a r e d w i t b 

the amount of stretching predicted either by fa u I t 
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~ e d i nw n t '' t 1 , l n Ill tile 

(j a bon b a s 1 n . 

An o t he r que s t i on r a i s eJ 1n analvsing the mechan1sm or 

continental rifting leading t () r 0 mla t i 0 n 0 r a n ew 0 c e an r 1 0 0 r 

concerns with the mechanical and thermal factors \vi1ich control 

the positiOn of i t h ll S ph e r I C b I' t' a J,; -Up an J the j n j t i a t i 0 n 0 f Sea 

r I 0(1 r spreading. lla s the postulated detachment some h O\\. 

contr\llled the positiOn or the initiation llf se<t l]n(lr spreading 

to occur near the present Brazi I ian coast I ine·) 
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APPI:~DI\ A 

I )ens i t v ~~ n d \Ia g n e t 1 c S u s c e p t i b i I i 1 v me a s u r eme n t s on c r y s t a I I i n e 

has eme n t rocks o C I\ a h i a S t<lt e 

The results of density and magnetic suscept i bi I i ty 

measurements on 158 rocks, from different sites In Bahia State, 

are here s Lmma r i z e d . The rock s ;m1p I e s we r e collected for 

radiometric dating by the Geochronological l~esearch Centre of 

Sa o P a u J o U n i v e r s i t '.' . . l'h e c o I I e c t i l) n J n d t h e f i e I d d e s c r i p t i on 

of the s amp J e s we r e c a r r i e d n u t by I b r o 1 do Sa · and Erne s to A I v e s 

(pri\ate c om11U n i c a t i o n ) . The maps of the location of the 

c o I I e c t e d s illnp I e s a r e p r e s e n t e d 1 n 1· i g . A . 1 . 

A.1 \lethodology 

A . 1 . 1 De n s i t y me a s u r eme n t s 

S i n c e me t illTIO r phi c and 1gneuus rocks do not g1ve a difference 

higher than 0.02 g cni 3 bet\veen "drv'· Jlld "saturJted" densities. 

a I I t h e me a s u r eme n t .s we r e c a r r i e d o u 1 on d r v r o c k s . 

The dens i t v me a s u r eme n t '' '' s c;, r r i e d Clll t by \Ve i g h t i n g t he rock 

sample, of about i n h o t h '' 1 r and wa t e r . The res u I t s 

have an accuracy of ~0.01 g. Th e s c <1 I e wa s v e r i f i e d u s 1 n g a 

-3 
quartz crystal of kn0\\11 density or 2.650 gem 



•ltauba 

.... , .. ,,. 
·. 

I 
•VIt. Conqulata 

1 
.! 

I 
41 

2 

.. 

I 
4<5 

·' . 

) 
~ : 
L".~ I ; 

I <0' 

I 
39 

1-

"' 

1- Region I 

2- Region li • Rock S111mpltu 

l:i g. A. I 

Region I 
Region I I 
Region II I 

-14 

-15 

-16 

-17 

3,8-18 

40 
I 

. . ...... 

... ltiuba 

.. 

Rcgionm 

Tl1e .~ites 111 the rock ~;unples. 

J e q u i e - Mu t u I p e Zone 
Arasuai rold System 

39 
I 

: C:ontendas - liaua'- J:1cobina rold Zone 

3 F-9 ~\ 
·~\ 

-·1 

\ -11 



() 

Th e d e n s i tv v a l u e wa s o b t a i n e d u s 1 n g t h e r n 1 1 ow i n g r o rmu l a : 

where 

d 
r !\11 [ M 1 

ma s s or t he s <m1p 1 e i n t he a i r ( g rams ) 

M 2 ma s s o f t h e s amp I e i n wa t e r ( g r am s 

d w 1 . OJ g -3 
em 

Th e e s t i ma t e d e r r o r 1 s about 
-3 

o em 
b 

A . 1 . 2 Mag n e t i c sus c e p t i b i I i t y me as u r eme n t s 

The magnetic susceptibility measurements were carried out using 

a corrmercial susceptibilimeter Bison. based on Mooney's magnetic 

susceptibi liter bridge (Mooney. I 9 5 2 ) . Th e a c c u r a c y i s a b o u t 

1()0/r,. 

A.2 Lithology 

The rocks were collected from three d1t'ferent reg1ons in 

Bahia State (Fig. A. 1). The f i r s t region, IS the 

Jequie-Mutuipe zone, within the Eastern Bahia Shield (see 

c h apt e r 2 , s e c t i on 2 . 2 . 4 ) . The rock s a r e h i g h g r ad e g ran u I i t e s , 

g n e 1 s s e s a n d m i gma t i t e s , probably of Archean or Lower 

A- 2 
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Proterozoic age. The gneisses show a high degree of 

fe IJspa th i za t ion. 

The region 2 i s the :'\ r a c u a i I: o I d S v s t em. 
I . 

The r n c k s <Ullp I e s 

are greenschist face i s g n e 1 sse s . m i gma t i t e s , granites and 

syenites. 

!lair or the s;unples used in this studv were collected from 

Contendas-uaua-Jacobina fold 1.one. This z 0 n e i s c omp 0 s e d 0 r 

h i g h grade met m1o r ph i c rocks Cgranul i tes, migmatites and 

<m1phibolites) and syenites, granodiorites and ami gabbros of the 

Lower Proterozoic. 

:'\.3 Results 

Th e r e s u I t s a r e I i s t e d i n Ta b I e ,\ . 1 a n d A . 2 , together with 

the lithology and coordinates or the rock s <m1p I e s . In Fig. 

A. 2 , t h r res u I t s a r e present e d 1 n h i s t n grams for density and 

magnetic s u s c e r t I b I I I t , .. for each or the previously described 

regions. 

Th e ave r <t g e ' a I u e and t h e r e s p e c t i ,. e s t a n d a r d u n· i ;1 t i 0 n were 

calculated for each histogram or uensitv measurements and the 

r e s u I t s can be s W1TI1il r i zed a s r ()I I 0\\'S : 
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Rock no 

JM/8A/260A 
JM/8A/2608 
JM/8A/261A 
JM/8A/2618 
JM/BA/262 
JM/8A/263 
JM/BA/264 
JM/8A/265 
JM/BA/266 
JM/8A/267A 
JM/8A/2678 
JM/8A/267C 
JM/BA/268 
JM/BA/269 
JM/BA/270 
JM/8A/271 
JM/8A/272 
JM/8A/273 
JM/BA/274 
JM/8A/275 
JM/8A/276 
JM/8A/277 
JM/8A/278 
JM/8A/279 
JM/8A/280 
JM/8A/281A 
JM/SA/2818 
JM/8A/281C 
JM/8A/2810 
JM/8A/282A 
JM/8A/2828 
JM/8A/283 
JM/BA/284 
JM/8A/285 
JM/8A/286A 
JM/8A/2868 
JM/8A/286C 
JM/8A/286D 
JM/8A/286E 
JM/8A/286F 
JM/8A/286G 
JM/8A/286H 
JM/8A/287A 
JM/BA/2878 

REGION 1 REGION II 

Coordinates ·Densi;f Mog.susc. Coord i notes Dens i :J 
Lot Long g em x10. 6 emu Rock type Lot Long. g em 

-14 3455 -40 3148 
-14 3455 -40 2917 
-14.3636 -40.2685 
-14 3636 -40.2685 
-14.3636 -40.2129 
-14.3636 -40.1759 
-14.3727 -40. 1620 
-14.3818 -40. 1620 
-14.3909 -40.1528 
-14.4000 -40.1389 
-14.4000 -40. 1389 
-14.40013 -40. 1389 
-14.4273 -40. 1111 
-14.4455 -40. 1019 
-14.4455 -40.0833 
-14.45013 -40.13648 
-14.4500 -40.0463 
-14.4455 -40.0000 
-14.4364 -39.8935 
-14.5091 -39.8148 
-14.5455 -39.8009 
-14.6136 -39.6944 
-14.6500 -39.6667 
-14.7455 -39.6482 
-14.7727 -39.6482 
-14.8545 -39.6620 
-14.8545 -39.6620 
-14.8545 -39.6620 
-14.8545 -39.6620 
-14.8727 -39.6806 
-14.8727 -39.6806 
-14.9000 -39.7037 
-14.9182 -39.7130 
-14.9182 -39.7407 
-14.9636 -39.861 1 
-14.9636 -39.861 1 
-14.9636 -39.8611 
-14.9636 -39.861 I 
-14 9636 -39.8611 
-14 9636 -39.8611 
-14.9636 -39.861 1 
-14.9636 -39.861 1 
-15.0541 -39.9537 
-15.0541 -39.9537 

Rock no. 

2.66 57 g ron i t e JM/8A/288 -I 5. I 35 I -40.0741 2.64 
2.68 220 g ron it e JM/8A/289 -I 5. I 7 I 2 -40.0741 2.78 
2.68 462 gneiss JM/8A/291M -15.2432 -40.2639 2.70 
2.64 323 gneiss JM/8A/2908 -15.2432 -40.2639 2.70 
2.98 42 a mph i bo I i l e JM/8A/290C -15.2432 -40 2639 2.65 
2.62 196 gneiss JM/8A/290D -15.2432 -413 2639 2.68 
2.69 529 gronulile JM/8A/290E -15 2432 -40.2639 2.63 
2.61 592 granulite JM/8A/2913H -15.2432 -40.2639 2 65 
2.63 1133 granulite JM/BA/291C -15.2252 -413.2487 2.68 
2 66 686 granulite JM/8A/29tF -15.2252 -40.2487 2.65 
2.65 903 gronul i te JM/8A/292E -15.4955 -40.3796 2 73 
2.64 846 granulite JM/8A/292G -15.4955 -40.3796 2.74 
2.70 700 granulite JM/8A/293A -15.6036 -40 0833 2 55 
2.69 2249 gronul•te JM/BA/2938 -15.6()36 -4(J 0833 2 52 
2.66 2J32 granulite ·JM/8A/294 -15 6396 -39.8704 2.86 
2.69 21344 granulite JM/8A/295 -15 6577 -39.8889 2.67 
2.80 3185 granulite JM/8A/296A -15.6216 -39 8611 2 65 
2.73 1863 granulite JM/8A/296C -IS 6216 -39 8611 2 63 
2 67 273 gronuli1e JM/8A/297 -15 6667 -39.7500 ~ 70 
3.02 835 granulite JM/8A/2988 -16 CS41 -39 6157 2 66 
2.61 518 pegmatite JM/8A/2998 -16.9910 -39 5185 2.68 
2. 72 693 granulite JM/8A/299C -15.9910 -39.5185 2.94 
2.88 4810 gronul i te JM/8A/300A -15.9910 -39 5370 2.79 
2.74 51 granulite JM/8A/3008 -15.9910 -39.5370 2.82 
3. 04 58 granulite JM/8A/301 -15 8829 -39.5648 2 73 
2.86 73 granulite JM/8A/31l28 -16.0541 -39.5926 2.63 
2.81 - granulite JM/8A/3133 -15.99113 -39.5556 2 71 
2.81 471 mi gmot i te JM/8A/304A -15.9550 -39.5463 2.65 
2.74 1480 pegmatite JM/8A/3048 -15.9550 -39 5463 3.00 
2.88 55 ogmot i te JM/8A/3tl5A -15.8454 -39.5185 3.01 
2.67 141 1 ogmotite JM/8A/3058 -15.8454 -39.5185 2 71 
3. 113 4088 diabase JM/8A/3tl5C -t5 8454 -39.5185 2 65 
2.85 17 gneiss JM/8A/306 -15.0773 -413 6944 2.66 
2.99 630 migmotite JM/8A/3078 -15 0727 -4() 7222 2. G7 
2.96 7697 migmotite gnetss 
2 68 1683 feldspoth c gneiss 
2.66 734 feldspath c gneiss 
2.68 719 feldspoth c gneiss 
2.67 686 feldspoth c gneiss 
2.62 298 pegmot i te 
2.60 24 pegmot i te 
2.74 533 feldspothic gne ss 
2.65 87 feldspothic gne ss 
2.62 422 feldspothic gne ss 

--------------

Table A.1- Listing of Jensity and magnetic susceptibil1ty 
measurements. Region I and Region I I. 

Mog.susc 
I 0" 6 emu Rock type 

2 gneiss 
cotoclast·lc gneiss 

22 biotite gneiss 

30 b1otite gneiss 
I 4 gne1 ss 
11 gne1ss 
59 gneiss 
21 pegmotoid 
2, gneiss 

2 gneiss 
25 micosc,ist 
26 micasc1ist 

1 :. 1 1 gneiss 
276 gneiss 

19 syeni l'!' 
1 2 gneiss 

261 gne1ss 
488 gneiss 

2 gne1 ss 
18 gran i t ·~ 

I 2 migmotite 
46 mi gmot i te 

172 m i gmo t i t e 
2321 migmot i te 

gran i t ~~ 

6 g ron it 1! 

26 mi gmot 1 te 

20 migmolde gne1ss 

78 migmoti\e gneiss 
713 migmot t e 
20 m i gmo t t 6 

II migmat t e 
I 7 m1gmot,te gne1ss 

41 gneiss 



REG I ON I I I' 

Rock no. Coordinates dens i_t.j 
Lat. Long g em 

JM/8A/340A - 9.9459 -39.9630 2.64 
JM/8A/3408 - 9.9459 -39.9630 3.06 
JM/8A/340C - 9.9459 -39.9630 2.78 
JM/8A/3400 - 9.9459 -39.9630 2.66 
JM/8A/34ElE - 9.9459 -39.9630 2.66 
JM/8A/341 - 9 7297 -39.8704 2.70 
JM/8A/342 - 9 6667 -39.8056 2.74 
JM/8A/343 - 9 6306 -39.7963 2.80 
JM/8A/344A - 9.6667 -39.7407 2.75 
JM/8A/3448 - 9.6667 -39.7407 2. 70 
JM/BA/345 - 9. 7477 -39.8519 2.71 
JM/8A/346A - 9.7838 -39 '7315 2.63 
JM/8A/3468 - 9.7838 -39.7315 2. 72 
JM/8A/346C - 9 7838 -39.7315 2.71 
JM/8A/3460 - 9.7838 -39.7315 2. 71 
JM/BA/347 - 9.8018 -39.7037 2' 72 
JM/8A/348A - 9.8018 -39.6300 2.64 
JM/8A/3488 - 9.8018 -39.6300 2.58 
JM/8A/349A - 9 8018 -39.5463 2.64 
JM/8A/3498 - 9.8018 -39.5463 2.62 
JM/8A/350A - 9 7477 -39. 7778 2.64 
JM/8A/3508 - 9.7477 -39. 7778 2.65 
JM/8A/350C - 9 7477 -39' 7778 2.78 
JM/8A/3500 - 9.7477 -39.7778 2.81 
JM/8A/350E - 9 7477 -39.7778 2.87 
JM/8A/350F' - 9 7477 -39.7778 2.73 
JM/8A/350G - 9 7477 -39.7778 2.83 
JM/8A/351A -10 0180 -39.8704 2.67 
JM/8A/3518 -10.0180 -39.8704 2.65 
JM/9A/352C -10.0180 -39.8704 2.62 
JM/8A/353 -9.7477 -39.8333 2.64 
JM/8A/354 -9.7297 -39.8241 2.68 
JM/8A/355A - 9.9550 -39.8796 2.53 
JM/8A/3558 - 9 9550 -39.8796 2.57 
JM/8A/355C - 9.9550 -39.8796 2.64 
JM/8A/3550 - 9.9550 -39.8796 2.88 
JM/8A/356 - 9.9685 -39.8795 2.79 
JM/8Aj:357 - 9 7928 -39.9537 2.64 
JM/8A/358 - 9.8559 -39.9074 3.07 
JM/8A/359 - 9.9820 -39.9630 2.93 

Table A.2 

REGION I I I 

Coordinates 
mog.suscep. rock type Rock no. Lot L·)ng. 

10-<i emu 
JM/BA/360 - 9.9550 -40.0278 

679 g ron it e JM/8A/361 - 9 6486 -39.7685 
1107 amphibolite migmat. JM/8A/362 - 9.6576 -39.7593 
2960 migmot i le JM/8A/363 - 9.6667 -39.7500 
1999 migmot i \e. JM/8A/364 - 9 6667 -39.7500 
388 migmot i te JM/8A/365 - 9 7387 -39.5741 
507 g ron i t e JM/8A/366 - 9. 7928 -39.5648 

2725 m i gmo t i l e JM/8A/3'67 - 9.8018 -39.5463 
7132 gneiss JM/8A/368 - 9.8108 -39.5278 
1517 myloni \e JM/8A/369 - 9.8300 -39.4722 

148 cotoclosite JM/8A/370 - 9.8468 -39.4630 
15 gneiss JM/8A/371 - 9.8559 -39.4537 
12 migmot i te JM/8A/3)2A - 9.8559 -39.4537 

329 migmat i te JI,V8A/3728 - 9.8559 -39.4537 
142 migmot i te JM/8A/373 - 9.8559 -39.4537 

28 migmot i le JM/BA/374 - 9 8559 -39.4537 
161 gneiss JM/8A/375A - 9.8829 -39.4167 

20 gneiss JM/8A/3758 - 9.8829 -39.4167 
9 lepti te JM/8A/376 - 9.8829 -39.4167 

158 leldspothic gneiss JM/8A/377A - 9.8919 -39.3889 
322 gneiss JM/BA/3778 - 9.8919 -39.3889 
894 g ron it e JM/8A/378 - 9.9099 -39.3426 
785 groni te JM/8A/379 - 9.9189 -39.31356 

3350 migmot i te JM/8A/380 - 9.9550 -39.2259 
71 gabbro-norite JM/8A/381A - 9.96413 -39.2130 

173 gabbro-norite JM/8A/3818 - 9.9640 -39.2130 
23 garnet I ept i l e JM/8A/382A - 9.9640 -39.1944 

4318 granodiorite JM/BA/3828 - 9.9640 -39. 1944 
13 garnet leptite JM/8A/383 - 9.9641'l -39' 1852 

16 granodiorite JM/8A/384 - 9.9640 -39. 1755 
16 syenite JM/8A/385 - 9.9640 -39.1667 

696 granitoid JM/8A/386A - 9.8288 -39.4444 
192 gneiss JM/8A/3868 - 9.8288 -39.4444 
92 m i gmo tit e JM/8A/386C - 9.8288 -39.4444 
10 m i gmo t i l e JM/8A/3860 - 9.8288 -39.4444 

1769 migmot i te JM/8A/385E - 9.8288 -39.4444 
5957 m i gmot it e JM/8A/387 -9.1574 -39.9009 
1131 hornblendite JM/8A/388 -9.1574 -39.9009 
1489 hornblendi te JM/8A/389 -9.1574 -39.9009 
9995 m i gmo t it e JM/8A/390 - 9.1574 -39.9009 

258 migmotite JM/8A/391 -9.1574 -39.9009 
JM/BA/392 - 9 1574 -39.9009 

Listing of dens it~ und mugnetic susceptibility 
measurements for Region I I I. 

Density 
g cm· 3 

2 74 
2.76 
2.64 
2 75 
2 77 
2. 74 
2 71 
2.67 
2 68 
2.66 
3.06 
3. 12 
2.60 
2.80 
3.0:? 
3.08 
2.65 
3.03 
2. 71 
2.70 
3.137 
3.03 
3. 14 
2.53 
2.63 
-

2.81 
2.91 
2.67 
2.59 
2. 51 
2.78 
2.713 
2.57 
2. 73 
2.69 
3.07 
3' 10 
-

2.91 
2.62 
3.04 

I 

Mog.Susc 
1 e-6 emu Rock type 

3675 qrani te 
1710 syenite 
546 d i or i t e 

1165 syen1 te 
2008 m i gmc t i t e 
3068 qnei~s 

56 om phi bo I i l e 
1 714 m i gmc t i t e 
925 gneiss 

I 801 gne1ss 
419 diabase 
4}0 diabase 
289 syenite 
721 s yen i t e /om ph i b o I i t e 

53 amphibolite 
742 diabase 
575 gne1ss 
973 d1abase 

1924 m 1 gma t i t e 
1251 gneiss 
1383 diabase 
1092 gabbro 

4 19 gabbro 
1 4 granOdiorite 
39 ompnibol ite 
11 leucogneiss 

258 migmol i te 
245 migmot i le 

1953 migmot i te 
3376 gne1ss 

258 gneiss 
2489 gneiss 

999 gnei~s 
1299 gneiss 
2958 gneiss 
1389 gneiss 

64 gabbro 
83 gabbro 
88 gabbro 
88 coarse gabbro 

322 coarse gabbro 
73 gabbro 
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and the respective standard deYiation IS given b_v: 

~{\i- J/Fi 
\) 2 = "'"; ="""1'----:M:-:------

LFi 
i::.1 

M = n tm1b e r or d en s i t Y 1 n t e r v ;1 1 s i n t he h i s tog r ;m1: 

l:i frequenc-:-.' or densitv intervals 111 the histogr<m1; 

\. i me d i an v a 1 u e or t he dens i tv a t the i - t h i n t e r v a I 

Th e d e n s i t y i n t e r v a I a s s W11e d i n c a 1 c u 1 a t i n g h o t h t h e aYe rage 

and the s t ;1 n d a r d d e ' i a t i o n -3 
1 s ( J • 0 5 g em . Th e rocks were 

s u hd i v i d c d i n t o two g roup s 111 the calculation of the 

average de11si ty. The r i r s t g r (l u r i 11 c I u d e d r 0 d. s w i t h ma X i mwn 

density of 2.85 g 
-3 

em 

with density higher 

The second group is composed 

than 2.85 g cni 3 Because 

or rocks 

these high 

d e n s i ty r o c k s may r e p r e s en t a m 1 11 o r r r a c t i on of t h e up p e r crust 

composition, a we i g h t or () . 5 wa s g i v en to t h c s e rocks and 0 . 9 5 

. -3 
t o r o c k s w i t h d en s 1 t v I owe r t h an 2 . S 5 g em 
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The results suggest t ll a t <il l r e g i on s h a v e t ll e s ame a v e r a g e 

uensi ty. !lowe v e r , t he mag 11 e t 1 c sus c e p t i b i I i t y or these rocks 

var1es significant IV. I 11 p a r t i c u l a r , t h e rna g n e t i z a t i on o r t h e 

I I 
I I i s v e r ~; I···-· 

I U\\ .. 
'I'L . 
Jilt: Ill reg1011 are 1110 s L 1 .V 

banded gne1sses 111 which the mel<Inocratic fraction is very small 

and the rock IS essenti<tJJv COI11j)OSed of plagioclase. The 

regions and II present the same magnet i c a I I y he t e r og e ou s 

basement. 
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APPEND!\. B 

Computer Programs 

The computer programs used throughout the development of this 

research project are here I isted. 

·n1e routine which calculates the Fast Fourier Transform is 

not I i s t e d s 1 n c e i t 1 s a I r e ad y p u b I i s h e d e l s e\vh e r e . The 

reference of the subroutine which calculates the multivariate 

FFT is Singleton (1969). 

The computer package ~nich calculates the auto and cross 

spectra, prior to obtaining the response function 1s entirely 

based on Blornnfield (1975). Therefore. only the ma1n programs 

which were modified are here listed. Reference to the already 

published subroutines is made ~nen appropriate. 

The 20 gravity model! ing was carried out using the software 

avai !able in the Department of Geological Sciences of Durham 

Cniversity and a program already published by Enmark (1981). 

The Bahia State gravity data, with complete documentation, 

are available at the lnstituto Astronomico e Geofisico of Sao 

P~ulo Cniversity (S~o Paulo, Brazi I). 

B-1 



0 

SUBROUTINE CONI1(PHI,THET,PHI0,X,Y) 
C THIS ROUTINE PROJECTS THE ELLIPSOIDAL COORDINATES PHI(LAT) AND 
C THET(LONG) INTO X AND Y COORDINATES OF A CONICAL SECTION WITH ONE 
C STANDARD PARALLEL PHI0. 
C THE FORMULA WERE OBTAINED FROM: 
C RICHARDUS,P. AND ADLER,R.K.-1972-"MAP PROJECTIONS" 
C NORTH HOLLAND PUBL. CO. 
c 
C INPUT DATA: 
C PHI= LATITUDE IN DEGREES 
C THET= LONGITUDE 
C PHI~= SIANDARD PARALLEL (LATITUDE) IN DEGREES 
c 
C OUTPUT DATA 
C X=NORTH COORDINATE IN THE CONICAL PROJECTION ( IN METERS 
C Y=EAST COORDINATE IN THE CONICAL PROJECTION ( IN METRES ) 
c 

DATA A.B.F/6378388. ,6356911 9,297./ 
A2=A•A 
B2=B•B 
EPS1=(A2-B2)/A2 
EPS=SQRT(EPS1) 
EPSM=0.5•EPS 
DEGRAD=ATAN( 1. )/45. 
ARG1=45.-0.5•PHI 
ARG1=ARG1•DEGRAD 
ARG2=45.-0.5•PHI0 
ARG2=ARG2•DEGRAD 
TAN1=TAN(ARG1) 
TAN2=TAN(ARG2) 
TAN3=TAN1/TAN2 
IF(TAN3.LT.0. )TAN3=-TAN3 
PHI01=PHI0•DEGRAD 
PHI1=PHI•DEGRAD 
SIN1=SIN(PHI1) 
SIN10=SIN(PHJ01) 
Z1=1 .+EPS•SIN1 
Z2=1 .-EPS•SIN1 
Z=Z1/Z2 
Z10=1 .+EPS•SIN10 
Z20=1 .-EPS•SIN10 
Z0=Z10/Z20 
ZZ=Z/Z0 
ZZ=ZZ••EPSM 
TZ=TAN3•ZZ 
ZZF=TZ .. SIN10 
DEN=1 .-EPS1•SIN10•SIN10 
ENE=A/SORT(DEN) 
RHO=ENE•COTAN(PHI01) 
THET1=THET•DEGRAD 
ARG3=THET1•SIN10 
COEF=RHO•ZZF 
X=RHO-COEF•COS(ARG3) 
Y=COEF•SIN(ARG3) 
RETURN 
END 
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Program to produce the contour mops of Bahia State. The some 
program con be used to contour the Bouguer, free-oi r and 
the topographic mops starting from non-uniform data distribution. 
The computer software to interpolate the data and to produce 
the plot is the 

•GPCP (A General Purpose Contouring Program-1971) 
revised version 1973 

which is avoi lable at Newcastle University computer. 

$RUN •GPCP 9=-HELP 1=BAHIA/CONI1 2=DATA/COORD2 SPRJNT=-S3 
JOB GPK2 BOUGUER ANOMALIES- DENS=2.67 G/CM3 -BAHIA/BRASIL 
FLEX 
PAGE 28. 
SIZE 5080050800 1. 1.0 -700000.20000 663914. -672672.20000 
EDIT 2. 
CNTL .07 .05 0 5 
CNTL (2F10.0,6F2.0,8A1) 
CNTL 
PAUS 
FLEX 
PAGE 28. 

2 

SIZX 5080050800 1. .0 -700000.20000 663914. -672672.20000 
EDIT 1. 

CNTL .02 .12 0 5 
CNTL (2F10.0,2F8.2,F5.2,F8.2,F5.2,F5.0,8A1) 
CNTL 2 1 6 0 
BEND 
PRNT 
BLNK 
BND 
BND 
BND 
BND 
BND 
BND 
BND 
BND 
BND 
BND 
BND 
BND 
BND 
BND 
BLNK 
PAUS 
PHS4 
BOLD 
BLEV 
PLOT 
Ll NE 
Ll NE 
LINE 

1 40 
211752. 
320242. 
321874. 
320242. 
324156. 
490911. 
437413. 
165014. 

-109792. 
-109357. 
-219582. 
-435675. 

107185. 
211752. 

2 
10. 

0 5.6 
0 5.5 
0 5.5 

-666016. 
-444848. 
-306288. 
-444848. 
-112560. 

150544. 
217840. 
386896. 
331776. 
221056. 
331136. 
107200. 

-332304. 
-666016. 

15.5 5.5 
15.6 5.5 
15.8 5.5 

423492. -668512. 
240674. -388592. 
320895. -389424. 
428723. -335456. 
379548. -13664. 
408855. 135264. 
396807. 440000. 
110227. 442592. 

0. 332000. 
-109792. 331776. 
-328066. 219344. 
-432200. -114048. 

106313. -554208. 

15.6 0. 10 0.02 0.0 
15.8 0. 10 0.02 0.0 
16.0 0. 10 0.02 0.0 

LINE 0 5.8 15.3 5.7 15.4 0.10 0.02 0.0 

B-3 

425238. -557328. 
241408. -305456. 
240674. -388592. 
322853. -223232. 
406819. -3008. 
458369. 162160. 
331328. 496304. 

-110118. 414864. 
e. 221280. 

-110118. 414864. 
-437413. 217840. 
-215238. -222176. 

212626. -554832. 

-3 
-3 
-3 

-3 

700000. 

700000. 



() 

LINE 0 5. 7 1 5. 4 5.6 1 5. 4 0. 1 0 0.02 0.0 -3 
SYMB 0 22. 3 1 4 .2 0. 0. 1 7 1 7. •SALVADOR 
SYMB 0 23. 1 22 .0 0. 0. 1 7 1 7. •PAULO AFONSO 
SYMB 0 22 .2 18. 9 0. 0. 1 7 1 7. •RIB. POMBAL 
SYMB 0 2 1 . 2 1 9 .6 0. 0. 1 7 1 7. •EUCL.CUNHA 

SYMB 0 1 9. 9 3.2 0. 0. 1 7 1 7. •MUCURI 
SYMB 0 20.3 3.5 0. 0. 17 1 7. •N.VJCOSA 
SYMB 0 21 . 3 8.0 0. 0. 1 7 1 7. •BELMONTE 
SYMB 0 21 . 2 1 1 . 4 0. 0. 1 7 1 7. •ITACARE 
SYMB 0 2.78 4.0 0. 0.20 28. STATIONS REFERRED TO IGSN-71 
SYMB 0 2.78 3.6 0. 0.20 30. ... THEORETICAL GRAVITY••• 
SYMB 0 2.78 3.2 0. 0.20 30. •••FORMULA - 1 9 6 7 ••• 
SYMB 0 1 1 . 3 3.5 0. 0.20 30. CONICAL PROJECTION 
SYMB 0 1 1. 3 3.0 0. 0.20 30. CONTOUR INTERVAL 10. MGALS 
SYMB 0 22.8 8.0 70. 0.25 30. A T L A N T I c 0 c E A N 
SYMB 0 8.78 8.0 0. 0.20 30. M I N A s G E R A I s 
SYMB 0 2.78 6.0 0. 0.30 30. BOUGUER ANOMALY MAP 
SYMB 0 2.78 5.3 0. 0.20 30. DENSITY:2.67 G/CM3 
SYMB 0 3.97 0.59 0. 0.25 3. 47W 
SYMB 0 6. 10 0.59 0. 0.25 3. 46W 
SYMB 0 8. 1 9 0.59 0. 0.25 3. 45W 
SYMB 0Hl. 29 0.59 0. 0.25 3. 44W 
SYMB 021 . 20 25.3 0. 0.25 3. 39W 

SYMB 023.40 25.3 0. 0. 25 3. 38W 
SYMB 025.60 25.3 0. 0. 25 3. 37W 
SYMB 0 0.99 22.6 0. 0. 25 3. 9S 
SYMB 0 0.87 20.5 0. 0. 25 3. 10S 
SYMB 0 0.87 18.3 0. 0.25 3. 11 s 
END 
STOP 



C THIS PROGRAM CALCULATES AND RECORDS THE FOURIER COEFFICIENTS 
C OF A EOUISPACED SERIES OF BOUGUER ( OR TOPOGRAPHIC ) DATA. 
c 
C FILE 1 -TO INPUT THE DATA 
C FILE 2- OUTPUT OF REAL AND IMAGINARY PART OF THE FOURIER 
C COEFFICIENTS 
C FILE 3- OUTPUT OF THE SQUARED AMPLITUDE OF THE SPECTRUM 
c 
c 
C THE FOLLOWING SUBROUTINES ARE USED: 
c 
C FFT - FROM SINGL[TON {1969) 
C DATOUT - FROM BLOOMFIELD (1975) 
c 

DIMENSION A1(1000),B1(1000),X(1000) 
c 
C READ THE ORIGIN X0 AND SPACING OX OF THE DATA 
C IN THE PROFILE 
c 

c 

c 

READ( 1, • )X0. DX 

1=1 
AA=0. 

C READ THE BOUGUER ( OR TOPOGRAPHIC DATA ) 
c 

c 

50 READ ( 1 , • , END=99) X ( I ) , A 1 ( I ) 
AA = AA + A1(1) 
B1 (I )=0. 
1=1+1 
GO TO 50 

99 NX=I-1 
AA = AA/NX 

C CALCULATE THE 1-D FAST FOURIER TRANSFORM 
c 

CALL FFT(A1 ,B1 ,NX,NX,NX,1) 
c 
C RECORD THE RESULTS ACCORDING TO THE FORMAT REQUIRED 
C IN THE FOLLOWING AUTO AND CROSS SPECTRA CALCULATION 
C SUBROUTINE DATOUT IS FROM BLOOMFIELD (1975). 
c 

NPGM=NX/2+1 
DO 1 0 I= 1 , NPGM 
A1(1)=A1(1)/SQRT(NX) 
B1(1)=-B1(I)/SQRT(NX) 

10 CONTINUE 
c 
C A1 IS THE REAL PART 
C 81 IS THE IMAGINARY PART 
c 

c 

CALL DATOUT(A1 ,NPGM,X0,DX,3) 
CALL DATOUT(B1 ,NPGM,X0,DX,3) 

C CALCULATE AND RECORD THE SQUARED AMPLITUDE OF THE SPECTRUM 
c 

DO 20 1=1 ,NPGM 
A1(l)=A1(1) • A1(1) + 81(1) • 81(1) 

20 CONTINUE 
CALL DATOUT(A1 ,NPGM,X0,DX.2) 

STOP 
END 
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C PROGRAM PROG.AUTO MODIFIED FROM BLOOMFIELD (1975). 
C THIS PROGRAM CARRIES OUT PERIODOGRAM SMOOTHING TO 
C OBTAIN A SPECTRUM ESTIMATE. THE SPECTRUM ESTIMATE IS COMPUTED 
C BY REPEATED SMOOTHING WITH MODIFIED DANIELL WEIGHTS 
C THE PROGRAM IS CONTROLLED BY THE FOLLOWING VARIABLES 
c 
C NK THE NUMBER OF SMOOTHING PASSES 
c 
C K AN ARRAY OF THE SMOOTHING PARAMETERS 
c 
C NOTE: THE PERIODOGRAM TO BE SMOOTHED IS READ IN 
C BY SUBROUTINE DATIN. SUBROUTINES MODDAN, 
C DATIN AND DATOUT IN BLOOMFIELD (1975) 
c 
c 
C FILE 1 - INPUT OF VARIABLES WHICH CONTROLS THE PROGRAM 
C FILE 2 -OUTPUT OF THE VARIABLES READ IN FILE 1 
C FILE 7- INPUT THE SQUARED AMPLITUDE OF THE SPECTRUM 
C TO BE SMOOTHED 
C FILE 8- OUTPUT OF ORIGINAL SERIES 
C FILE 10- OUTPUT OF SMOOTHED SERIES 
c 

c 

DIMENSION X(1000) ,Y(1000) ,K(10) ,FX(1000) ,NP(100) .ALOGN(1000) 
DATA PI/3.141593/ 
CALL DATIN (X,NPGM,START,STEP,7) 

C READ: 
C NOBS=LENGTH OF THE ORIGINAL SERIES(PERIODOGRAM RESCALED) 
C IT IS ASSUMED THAT THE INPUT PERIODOGRAM HAS BEEN CALCULATED 
C AS A SQUARED AMPLITUDE RATHER THAN THE TRUE PERIODOGRAM 
c 
c 
c 
c 
c 

NP2 NOBS/2+1 

NK ARRAY OF SMOOTHING PASSES 

C K = ARRAY OF SMOOTHING PARAMETERS 
c 

READ ( 1, 1) NOBS, NP2, NK, ( K (I), NP (I), I= 1, NK) 
FORMAT(10X,13I5) 
READ(1,2)DX 

2 FORMAT(F10.2) 
WRITE(2,6)NK 

6 FORMAT(' NUMBER OF MODIFIED DANIELL PASSES IS' ,15,/, 
• 'VALUES OF K ARE - ') 
WRITE(2,1)(K(I) ,NP(I), I=1 ,NK) 
M=1 
D050I=1,NK 
NPG=NP(I) 
CALL MODDAN(X,Y,NPG,M,K(I),1.) 

50 M=NPG+M-1 
START=0. 
STEP=2.oPI/FLOAT(NP2) 
CALL DATOUT(X,NPGM,START,STEP,8) 
CALL DATOUT(Y,NPGM,START,STEP,10) 
STOP 
END 
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c 
C THIS PROGRAM SMOOTHES THE CROSS-PERIODOGRAM 
C OF TWO SERIES. THE SPECTRUM ESTIMATES ARE COMPUTED 
C BY REPEATED SMOOTHING WITH MODIFIED DANIEL WEIGHTS 
C PROGRAM WRITTEN BY BLOOMFIELD,P (1975)-FOURIER ANALYSIS 
C OF TIME SERIES:AN INTRODUCTION-PP. 232 
c 
C THE PROGRAM IS CONTROLLED BY THE FOLLOWING VARIABLES, 
C WHICH ARE READ IN BY THE PROGRAM 
c 
C NK THE NUMBER OF SMOOTHING PASSES 
c 
C K AN ARRAY OF THE SMOOTHING PARAMETERS 
c 
C NOTE.THE TR~SFORMS AND THE AUTo-SPECTRUM ESTIMATES OF 
C THE TWO SERIES ARE READ IN BY SUBROUTINE DATIN 
C SUBROUTINE GRAPH ALREADY LISTED IN PAGE 8-
C 
C SUBROUTINES USED DURING THE PROGRAM FROM BLOOMFIELD (1975) 
c 
C DATJN - TO READ THE FOURIER TRANSFORMS AND THE AUTO 
C SPECTRA OF THE TWO SERIES TO BE CROSS-
e -cORRELATED 
c 
C DATOUT - TO RECORD THE RESULTS 
c 
C MODDAN - SUBROUTINE TO SMOOTH THE PERIODOGRAM 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

GRAPH (SEE PAGE 8·18) 

FILES USED THROUGHOUT THE PROGRAM: 

FILE 1 - INPUT PARAMETERS FOR SMOOTHING 

FILE 5 - INPUT DEVICE NUMBER 

FILE 6 - OUTPUT DEVICE NUMBER 

FILE 7 - FOURIER COEFFICIENTS OF SERIES 1 

FILE 8 - FOURIER COEFFICIENTS OF SERIES 2 

FILE 9 - PLOT FILE 

FILE 11 - OUTPUT OF THE RESULTS (RESPONSE FUNCTION 
COHERENCY AND PHASE SPECTRA) 

DIMENSION SP1(1000),SP2(1000),TR1(1000),TI1(1000), 
•TR2(1000),TI2(1000),K(10),Y(1000),FX(1000),NP(100),0(1000) 

DATA PI/3.141593/ 
CALL DATIN(TR1 ,NPGM1,START,STEP,7) 
CALL DATIN(TI1 ,NPGM1 ,START,STEP,7) 
CALL OATIN(TR2,NPGM2,START,STEP,8) 
CALL DATIN(TI2,NPGM2,START,STEP,8) 
IF(NPGM1.EQ.NPGM2)GO TO 20 
WRITE(6,2)NPGM1 ,NPGM2 

2 FORMAT('•ERROR-TRANSFORM LENGTHS' ,215,' DIFER. ') 
STOP 
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20 CONTINUE 
N=NPGM1 
CALL DATIN(SP1.N1.START.STEP,12) 
CALL DATIN(SP2,N2,START.STEP. 10) 
JF((N1 EO.N) .AND (N2.EO.N))GO TO 66 
WRITE( 6, 3)N, N1 ,N2 

3 FORMAT( '•ERROR- TRANSFORM LENGTH'. 15, 'NOT THE SAME 
•AS SPECTRA LENGTHS' , 215) 

STOP 
66 CONTINUE 

READ ( 1 , 1 ) NOB S , NP 2 , NK , ( K ( i ) , NP ( i ) , 1 = 1 , NK ) 
FORMAT(10X, 1315) 
READ( 1,11 )DX 

11 FORMAT(F10.2) 
NP2=(N-1)•2 
DO 30 1=1. N 

CR=TR1 (I )•TR2( I )+Tl1 (I )•TI2( I) 
C I= T I 1 ( I ) • TR2 ( I ) - TR 1 ( I ) • T I 2 ( I ) 
TR1(I)=CR 
Tll(I)=Cl 

30 CONTINUE 
WRITE(6,6)NK 

6 FORMAT(' NUMBER OF MODIFIED DANIELL PASSES IS' ,15./, 
•'VALUES OF K ARE-') 
WRITE(6,1)(K(I),NP(I). l=l,NK) 
M=l 
DO 40 1=1 ,NK 
NN=NP( I) 
CALL MOD DAN ( TR 1 , Y, NN, M, K ( I ) . 1 . 0) 
CALL MODDAN(Til ,Y,NN,M,K(l),-1 .0) 

40 M=NN+M--1 
CALL POLAR (TR1 ,Til ,N) 
DO 50 1=1 ,N 
O(I)=SP1(1)/TR1(1) 
TR2(I)=TR1(I)/SP2(1) 

50 TR1(I)=TR1(1)/SQRT(SP1(I)•SP2(1)) 
START=0. 
STEP=PI/FLOAT(N-1) 
WRITE( 11. 777) 

777 FORMAT(' COHERENCY SPECTRUM') 
CALL DATOUT( TR1 ,N,START,STEP.11) 
WRITE( 11, 888) 

888 FORMAT(' PHASE SPECTRUM ') 
CALL DATOUT( Til ,N,START,STEP,11) 
WRITE( 11. 999) 

999 FORMAT(' RESPONSE FUNCTION') 
CALL DATOUT( TR2,N,START,STEP.11) 
XL=NOBS•DX 
STEP2=1 ./XL 
DO 60 1=2,N 
ALAMB=NOBS/(1-1) 
ALAMB=ALAMB•DX 

60 FX(I)=ALOG10(ALAMB) 
c 
C GRAPH THE RESPONSE FUNCTION 
c 

WRITE(6,441) 
441 FORMAT(1X, 'GRAPHIC OUTPUT FOR RESPONSE FUNCTION') 

CALL GRAPH(N,FX,TR2) 
c 
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C GRAPH THE COHERENCY FUNCTION 
c 

WRITE(6.222) 
222 FORMAT(1X.'GRAPHIC OUTPUT FOR COHERENCY') 

CALL GRAPH(N,FX,TR1) 
c 
C GRAPH THE PHASE 
c 

WRITE(6, 333) 

333 FORMAT(1X, 'GRAPHIC OUTPUT FOR PHASE') 
CALL GRAPH(N,FX,Tl1) 
STOP 
END 
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C PROGRAM TO CALCULATE THE RESPONSE FUNCTION AS A 
C FUNCTION OF WAVELENGTH (SEE BANKS ET AL .. 1977 

C FOR REFERENCE) PREDICTED BY AN ELASTIC PLATE 
C LOADED ON TOP AND COMPENSATION AT DEPTH TC 
c 
C SUBROUTINES USED: 
c 
C PLATE 
c 
c 
c 

GRAPH (SEE PAGE B-18 ) 

C FREQ 
c 
C FILES USED: 
c 
c 
c 
c 
c 
c 
c 
c 

FILE 1 -TO INPUT THE PARAMETERS OF THE MODEL 

FILE 6- OUTPUT OF THE RESULTS 

FILE 9- PLOT FILE 

C INPUT DATA: 
c 
C NX- NUMBER OF DATA POINTS IN THE PROFILE 
C RH00 - DENSITY OF THE LOAD ( G/CC) 
C RH01 - DENSITY OF THE CRUST (G/CC) 
C RH02 - DENSITY OF THE MANTLE (G/CC) 
C RL - FLEXURAL RIGIDITY OF THE PLATE (N.M) 
C TC - DEPTH OF COMPENSATION (KM) 
C OX- SPACING BETWEEN THE POINTS OF THE PROFILE 
C IN KM. 
c 
C OUTPUT : 
c 
c 
c 
c 
c 
c 
c 

c 

NX2 - NUMBER POINTS IN THE SPECTRUM 

FOX - FREQUENCY IN 1/KM 

FQX2 - LOG10 OF WAVELENGTH (KM) 

DIMENSION FQX(1000),RESP(1000),FOX2(1000) 

C READ THE PARAMETERS OF THE MODEL 
c 

c 

READ(1 .•)NX, RH00, RH01, RH02, RL, TC, OX 
NX2 = NX/2 +1 

C CALCULATE THE ASSOCIATED WAVENUMBER AND WAVELENGTH 
c 

CALL FREQ( NX, FOX , FQX2 , OX) 
c 
C CALCULATE THE THEORETICAL RESPONSE FUNCTION 
c 

CALL PLATE(NX2,FQX,RH00,RH01 ,RH02,RL,TC,DX,RESP) 
c 
C GRAPH OF THE RESPONSE FUNCTION AS A FUNCTION OF THE 
C WAVELENGTH 
c 

CALL GRAPH(NX2,FQX2,RESP) 
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c 
C OUTPUT THE PARAMETERS OF THE MODEL 
c 

WRITE(6,44)NX,RH00.RH01 ,RH02.RL.TC 
44 FORMAT( 'NX=·. 15, 'RH00=' ,F7.4, 'RH01=' ,F7 4, 'RH02=' ,F7.4. 

• 'RL=' . E7. 2. 'TC=' , F7 4) 
c 
C PRINT THE RESULTS 
c 

WRITE(6.41) 
41 FORMAT (' W.AVELENGTH(KM) 

DO 55 1=2.NX2 
55 WRITE(6.20)FOX2(I),RESP(I) 
20 FORMAT(F10.2,5X,G15.5) 

GO TO 1212 
999 CONTINUE 

c 
c 
c 

STOP 
END 

ADM1TTANCE(MGAL/~)· 

SUBROUTINE FREO(NX,FQX,FQX2,DX) 
DIMENSION FQX(1),FOX2(1) 
CONS=8•ATAN(1 .) 
NX2=NX/2+1 
DO 10 1=1 ,NX2 
FOX(I)=CONS•(I-1)/NX 

10 CONTINUE 
DO 20 1=2,NX2 
ARG=NX/( 1-1) 
ARG=ARG•DX 
FQX2(1)=ALOG10(ARG) 

20 CONTINUE 

c 
c 

RETURN 
END 

SUBROUTINE PLATE(NX2,FREQ,RH00,RH01 ,RH02,RL,D1 .DX.RESP) 
c 
C THIS ROUTINE CALCULATES THE RESPONSE FUNCTION OF AN ELASTIC PLATE 
C LOADED ON TOP AND COMPENSATION AT DEPTH 01. 
C ARGUMENTS ARE: 
C RH00=DENSITY OF THE MATERIAL INFILLING DEPRESSION (LOWER CRUST) 
C IN G/CM3 
C RH01=CRUSTAL DENSITY IN G/CM3 
C RH02=DENSITY OF THE MANTLE IN G/CM3 
C RL=FLEXURAL RIGIDITY IN N.M 
C D1=DEPTH OF COMPENSATION IN KM. 
C DX=SPACING OF THE GRAVITY DATA(KM) 
C RESP(I)=RESPONSE FUNCTION IN MGAL/M 
c 
C HERE THE SUBROUTINE STARTS: 

DIMENSION FRE0(1),RESP(1) 
00=01/DX 
A1=RH02-RHOe 
A2=RH01-RH0e 
DIF=RH02-RH01 
CONS=6.2830•6.67•RH00•980. 
DO 10 1=1,NX2 
F=FREQ( I )/OX 
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FREQ2=F•F 
A=A1•980.+RL•FREQ2•FREQ2•1 E-13 
B=DlF•EXP(-FREQ(J )•DD)+A2 
RESP( I )=CONS•B/A 
RESP(I)=RESP(I)•0.001 

10 CONTINUE 
RETURN 

END 



C- THIS PROGRAM CALCULATES THE DEFLECTION AT THE MOHO 
C- AND ITS GRAVITY EFFECT PREDICTED BY AN THIN AND 
C- CONTINUOUS ELASTIC PLATE LOADED ON TOP. 
C- THE DEFORMATION IS OBTAINED FROM THE ONE DIMENSIONAL 
C- DIFFERENTIAL EQUATION OF THE DEFORMATION OF AN 
C- ELASTIC PLATE LOADED ON TOP, IN THE EQUILIBRIUM. SEE 
C- BANKS ET AL. (1977) FOR REFERENCE. 
C- THIS PROGRAM USES THE FAST FOURIER TRANSFORM ROUTINE 
C- BY SINGLETON (1979). 
c-
c- lHE INPUT PARAMETERS ARE: 
c-
c- x 
c-
c-
C- H 
c-
c- ox 
c-

- COORDINATES OF THE EQUISPACED 
TOPOGRAPHIC DATA ( IN KM ) . 

- EQUISPACED TOPOGRAPHIC DATA (IN KM). 

-DISTANCE BETWEEN THE TOPOGRAPHIC DATA ( IN KM ). 

c- RHOO- DENSITY OF THE TOPOGRAPHIC LOAD (IN G/CC). 
C-
C- RHOC- DENSITY OF THE CRUST (IN G/CC). 
c-
c- RHOM - DENSITY OF THE MANTLE (IN G/CC) 
c-
c- TE - EFFECTIVE ELASTIC THICKNESS IN KM. 
c-
c- TC - DEPTH OF THE COMPENSATION IN KM. 
c-
c- M- ORDER OF THE SERIES EXPANSION ( PARKER'S METHOD ). 
c-
c- X0 - MINIMUM X-COORDINATE FOR PLOTTING 
c-
c- XL - MAXIMUM X-COORDINATE FOR PLOTTING 
c-
c- THE OUTPUT PARAMETERS ARE: 
c-
c- NX - NUMBER OF DATA POINTS. 
c-
c- RM1 - MOHO TOPOGRAPHY IN KM. 
c-
c- DELG- GRAVITY EFFECT ASSOCIATED WITH THE MOHO TOPOGRAPHY 
C- IN MGAL. 
c-
c- 1/0 DEVICES USED IN THE PROGRAM: 
c-
c- FILE 1 -READ THE COORDINATES AND TOPOGRAPHY. 
C- FILE 5- READ THE REMAINING INPUT DATA 
C- FILE 6- WRITE THE RESULTS: COORDINATES, INPUT TOPOGRAPHY, 
C- MOHO DEFLECTION AND THE GRAVITY EFFECT. 
C- FILE 9- PLOTFILE TO BE USED IN RUNNING DURH:EASYPLOT 
c-

c-

DIMENSION X(1000),DELG(1000),H(1000),RM1(1000),RM2(1000) 
DIMENSION FOX ( 1000), HI ( 1000), F I L T ( 1000) 

c- INPUT THE PARAMETERS OF THE MODEL 
c-

C-

REA0(5.•)DX,RHOC,RHOM,TE,TC.M 
1=1 
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C- READ THE COORDINATES AND TOPOGRAPHY 
c-

100 READ(1 .•.END=99)X(I) .H(I) 
I= I+ 1 
Hl(l)=0 
GO TO 100 

99 NX=!-1 
c-
c- READ THE MINIMUM AND MAXIMUM COORDINATES FOR PLOTTING 
c-

READ(5.•)X0,XL 
c-
c- GRAPH THE INPUT TOPOGRAPHY 
C-

CALL GRAPH(NX,X,H,X0,XL,DX) 
c-
c-sTART CALCULATING THE MOHO DEFLECTION 
C-
C-CALCULATE THE FOURIER TRANSFORM OF THE TOPOGRAPHY 
C-

C-

CALL FFT(H,HJ,NX,NX,NX,1) 
CALL FREO(FOX,NX,DX) 

C- CALCULATE THE GREEN FUNCTION OF THE DIFFERENTIAL 
C- EQUATION OF THE DEFORMATION OF A CONTINUOUS AND 
C- THIN ELASTIC PLATE 
c-

CALL JSO(FILT,NX,RHOC,RHOM,TE,FOX) 
c-

c 

CONS=RH00/(RHOM-RHOC) 
DO 20 1=1 ,NX 
RM1(1) = CONS•H(l)•FILT(I) 

20 RM2(I)=CONS•HI(I)•FILT(I) 

C GET THE MOHO TOPOGRAPHY BY INVERSE FOURIER TRANSFORM 
c 

c 

CALL FFT(RM1,RM2,NX,NX,NX,-1) 
D0251=1,NX 

25 RM1(I)=RM1(1)/NX 

C CALCULATE THE GRAVITY EFFECT OF THE MOHO TOPOGRAPHY USING 
C PARKER'S METHOD(1972) EXPANDED UP TO 5TH. ORDER 
c 

CALL GPARK (DELG, RHOC, RHOM, FOX, NX. TC. RM1, M) 

c 
C RECORD THE RESULTS 
c 

WRITE(6,40)DX,RH00,RHOC,RHOM,TE,TC,M,NX 
40 FORMAT(' DX=',F6.2,2X, 'RH00=',F6.2,2X,'RHOC=', F6.2,2X, 

•' RHOM=',F6.2,2X,'TE=', F5.1,2X,'TC=',2X, 'M=',I3, 2X,'NX=', 
• I 3) 
WRITE(6,50) 

50 FORMAT ( 'COORD' , 2 X, 'ALTITUDE ' , 2 X , 'MOHO' , 2 X, 'G R AV l T Y ' ) 
DO 30 1=1 ,NX 
WRITE(6,•)X(I) ,H(l) ,RMl(l) ,DELG(I) 

30 CONTINUE 
c 
C - GRAPH OF THE GRAVITY EFFECT 
c 

CALL GRAPH(NX,X,DELG,X0,XL,DX) 
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c 
C - GRAPH OF THE MOHO 
c 

c 
c 

CALL GRAPH(NX,X,RM1 ,X0,XL,DX) 
STOP 
END 

SUBROUTINE FREO(FOX,NX,DX) 
DIMENSION FOX( 1) 
PI=ATAN(1. )•4 

DEN = NX • DX 
DO 10 I=1 ,NN2 
FOX(!)= 2•PI•(I-1)/DEN 

10 CONTINUE 
DO 30 1=1 ,NN2 
J=NX-I+1 

30 FQX(J)=FQX( 1+1) 
RETURN 

c 

c 

c 
c 

END 

SUBROUTINE ISO(FILT ,NX,RHOC,RHOM,TE,FQX) 
DIMENSION FILT(1) ,FQX(1) 
RHO = RHOM-RHOC 
T3=TE•TE•TE 
RIG=1 .E+7/(12•(1-0.25•0.25)) 
DD=R!Gd3 
DEN=RH0•980. 
FACT=DD/DEN 
DO 10 1=1 ,NX 
FQ2=FQX(l)••2 
FQ4=FQ2•FQ2 
F1LT(I)=1+(FQ4 • FACT) 

10 FILT(I)=1./FILT(I) 

c 
c 

RETURN 
END 

SUBROUTINE GPARK(DELG,RHOC,RHOM,FQX,NX,TM,ZR,M) 
DIMENSION DELG(1) ,FQX(1) ,ZR(1) 
DIMENSION W1 (1000) ,W2(1000) ,AUX1 (1000) ,AUX2(1000) ,FW(1000) 
DATA G/6.67/ 
Pl=ATAN(1. )•4 
RHO=RHOM-RHOC 

DO 10 1=1 ,NX 
AUX1(1)=1. 
W1(1)=0. 
W2(1)=0. 
FW ( I ) = 1 . 

10 CONTINUE 

SUM=1. 
DO 20 K= 1 , M 
SUM SUM • K 

DO 40 1=1 ,NX 
AUX1(l) AUX1(1) • ZR(I) 
AUX2(1) = 0. 
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40 

c 
CALL 

c 

50 

20 

c 

60 

c 

CONTINUE 

FFT(AUX1 ,AUX2,NX,NX,NX,1) 

DO 50 I= 1 , NX 

W 1 ( I ) AUX1(1) • FW( I )/SUM 

W 2 ( I ) = AUX2(1) • FW(I)/SUM 

FW ( I ) = FW(I) • FOX (I) 

CONTINUE 

CONTINUE 

DO 60 1=1 ,NX 

EXPO=TM•FOX(I) 

EXPO=EXP(-EXPO) 

W1(1) = W1(1) • EXPO 

W2( I) = W2(1) • EXPO 

CONTINUE 

+ W 1 ( I ) 

+ W 2 ( I ) 

C CALCULATE THE GRAVITY ANOMALIES IN THE SPACE DOMAIN 

c 

c 
c 

70 

CALL FFT(W1,W2,NX,NX,NX,-1) 

CONS= 2•Pl•G•RHO 

D0701=1,NX 

RETURN 

END 

DELG(I) =-CONS • W1(1)/NX 

SUBROUTINE GRAPH(! ,XI ,All! ,X0,XL,DX) 

DIMENSION XI(1),ALTI(1) 

DIMENSION HEAD(65) ,DEV(5) 

WRITE ( 6, 1 0) 

10 FORMAT(1X,'GIVE THE FOLLOWING QUANTITIES:',/,1X, 

•43HHEAD=TITLE FOR THIS PLOT- MAX. 65 CHARACT. ) 

READ(5,20)HEAD 

20 FORMAT(65A1) 

260 WRITE(6,30) 

30 FORMAT(35HGIVE THE DEVICE NAME:TEK,11,PTR,VDU) 

READ(5,40)DEV 

40 FORMAT(5A1) 

WRITE(6,50) 

50 FORMAT(1X,37HLETSIZ=LABEL LETTER SIZE(0.1 TO 0.5")./.1X, 

•'PSIZE=REDUCTION FACTOR(0.1 TO 1.0 INCHES)'./,1X, 

•'SYMSIZ=PLOT SYMBOL SIZE(0.1 TO 0.5 INCHES)',/,1X, 

•'XLEN=X-AXE LENGTH (UP TO 36. INCHES)',/,1X, 

•'YLEN=Y-AXE LENGTH (DEPENDES ON THE OUTPUT DEVICE)' ./.1X, 

•'NXDIV,NYDIV=NO. OF DIVISIONS IN X ANDY DIRECTIONS',/,1X, 

•'IDEF=1 IF THE MAXIMUM AND MINIMUM VALUES FOR X & Y WILL BE GIVEN' 

•./.1X,' =2 IF NOT AND THE PROGRAMS COMPUTES THEM TO GIVE A NICE 

•PLOT') 

READ(5,•)TSIZ,PSIZE,SYMS,XLEN,YLEN,NXDIV,NYDIV, IDEF 

IF(IDEF.NE. 1)GO TO 60 

WRITE(6,70) 

70 FORMAT(1X,'GIVE THE FOLLOWING VALUES:',/,1X, 

•'XMIN,XMAX=MINIMUM AND MAXIMUM VALUES FOR X './.1X, 

•'YMIN,YMAX=SAME FOR Y') 

READ(5.•)XMIN,XMAX,YMIN,YMAX 

60 CONTINUE 

281 WRITE(9,80)HEAD,DEV 

80 FORMAT(' &OPTS',/,6X,'HEAD=',1H',65A1,2H',/,6X,'DEV=',1H' 
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•5A1 ,2H', .I.5X, 

•SSHXLAB=' 

• ' ' ' 'I' 5X' 
•28HYLAB(1, 1)=' 

•',' .I.5X,9HGRID='NO' 

DISTANCE IN 

'' J 

282 WRITE(9,90)TSIZ,PS!ZE,SYMS,XLEN,YLEN,NXDIV,NYDIV 

KM' 

90 FORMAT(6X, 'LETSIZ=' ,F4.2,', '.I.5X, 'PSIZE=' ,F5.2, ',' .I.6X, 

•'SYMSIZ=' ,F5.2,',' ./.5X, 'XLEN=· ,F6 2,' , 'YLEN=' ,F5.2,',. ,j,5X, 

• 'NXD IV=' , 13, ' , ' , I. 6X, 'NYD IV=' , I 3. ' . ') 

WRITE(9, 110)XMIN,XMAX,YMIN,YMAX 

110 FORMAT(6X, 'XMIN=' ,G10.2, ',' .I.6X, 'XMAX=' ,G10.2. '.' ./,6X, 'YMIN=', 

• G 1 0. 2' ' ' ' 'I' 6X' 'YMAX=' 'G 1 0. 2' ' ' ' ) 

100 WRITE(9,150) 

150 FORMAT(6X, 'NY=1',',' .I ,6X. 'NSYMB=2',', ') 

WRITE(9,120) 

120 FORMAT(' &END') 

K1=(X0-XI(1 ))IDX + 1 

K2=I-(XI(I) - XL)IDX 

WRITE(8,•)K1 ,K2 

DO 130 K=K1 ,K2 

WRITE ( 9, •) X I ( K) • A L T I ( K) 

130 CONTINUE 

WRITE(9,145) 

145 FORMAT( '$ENDFI LE') 

RETURN 

END 
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SUBROUTINE GRAPH(I,Xl,ALTI) 

c 
C SUBROUTINE TO PRODUCE THE CONTROL CARDS TO RUN 

C THE PROGRAM DURH:EASYPLOT IN ORDER TO GET THE 

C SIMPLE PLOT OF "ALTI" AS FUNCTION OF "XI". 

c 
C SEE DOCUMENTATION OF DURH EASYPLOT FOR COMMENTS 

c 
DIMENSION XI(1),ALTI(1) 

DIMENSION HEAD(65),DEV(5) 

WRITE(6,10) 

10 FORMAT(1X,'GIVE THE FOLLOWING OUANTITIES:',/,1X, 

•43HHEAD=TITLE FOR THIS PLOT- MAX. 65 CHARACT. ) 

READ(5,20)HEAD 

20 FORMAT(65A1) 

260 WRITE(6,30) 

30 FORMAT(35HGIVE THE DEVICE NAME:TEK,11 ,PTR,VDU) 

READ(5,40)DEV 

40 FORMAT(5A1) 

WRITE(6,50) 

50 FORMAT(1X,37HLETSIZ=LABEL LETTER SIZE(0.1 TO 0.5"),/,1X, 

•'PSlZE=REDUCTlON FACTOR(0.1 TO 1.0 lNCHES)',/,1X, 

o'SYMSIZ=PLOT SYMBOL SlZE(0.1 TO 0.5 INCHES)',/,1X, 

o'XLEN=X-AXE LENGTH (UP TO 36. INCHES)',/,1X, 

•'YLEN=Y-AXE LENGTH (DEPENDES ON THE OUTPUT DEVICE)',/,1X, 

•'NXDIV,NYDIV=NO. OF DIVISIONS IN X ANDY DIRECTIONS' ./,1X, 

•' IDEF=1 IF THE MAXIMUt.i AND t.iiNIMUM VALUES FOR X 1: Y WILL BE GIVEN' 

•./.1X,' =2 IF NOT AND THE PROGRAMS COMPUTES THEM TO GIVE A NICI 

•PLOT') 

READ(5.•)TSIZ,PSIZE,SYMS,XLEN,YLEN,NXDIV,NYDIV,IDEF 

IF(IDEF.NE.1)GO TO 60 

WRITE(6,70) 

70 FORMAT(1X,'GIVE THE FOLLOWING VALUES:',/,1X, 

•'XMIN,XMAX=MlNIMUM AND MAXIMUM VALUES FOR X './.1X. 

•'YMIN,YMAX=SAME FOR Y') 

~EAD(5.•)Xt.iiN,XMAX,YMIN,YMAX 

60 CONTINUE 

281 WRITE(9,80)HEAD,DEV 

80 FORMAT(' I:OPTS'.I,6X,'HEAD=',1H',65A1,2H',,/,6X,'DEV=',1H', 

•5A1,2H', ,/,6X, 

•55HXLAB=' LOG10(WAVELENGTH) KM', 

•.... I. 6X. 

•28HYLAB(1,1)=' 
•.... I. 6X '9HGR I D=. NO ••••• ) 

282 WRITE(9.90)TSIZ,PSIZE,SYMS,XLEN,YLEN,NXDIV,NYDIV 

90 FORMAT(6X, 'LETSIZ=' ,F4.2,'.' .I.6X, 'PSIZE=' ,F5.2,',' ,/,6X, 

•'SYMSIZ=' ,F5.2.',' ./,6X, 'XLEN=' ,F6.2,'.', 'YLEN=' ,F6.2, ',' .I.6X, 

• 'NXDIV=', 13,'.' .I.6X, 'NYDIV=', I3,', ') 

IF(IDEF.NE.1)GO TO 100 

WRITE(9,110)XMIN,XMAX,YMIN,YMAX 

110 FORMAT(6X, 'XMIN=' ,G10.2,'.' .I.6X, 'XMAX=' ,G10.2,',' ,j,6X, 'Yf.41N='. 

•G10.2,'.' .I.6X, 'YMAX=' ,G10.2.'. ') 

100 WRITE(9,150) 

150 FORMAT(6X, 'NY=1 ', ', './. 6X, 'NSYMB=2'. ', ') 

WRITE(9,120) 

120 FORMAT(' tEND') 

DO 130 K=1,I 

WRITE(9,•)XI(K) ,ALTI(K) 

130 CONTINUE 

WRITE(9,145) . 
145 FORMAT('$ENDFILE') 

RETURN 

END 
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