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ABSTRACT

The Parnafba Basin is one of the three large Palaeozoic intracratonic basins
found in Brazil, the others being the Amazon and Parani. Parnaiba is an oval-

shaped basin situated in NE Brazil and its area is about 600.000 km?.

Gravity data have been collected mainly along accessible roads crossing the
Parnaiba Basin and merged with existing data bases of several Brazilian Insti-
tutions. The collection of all available geological and geophysical data included
several gravity profiles crossing the eastern half of the basin. These profiles are
part of a much larger data set forming polygons over a large proportion of the
Brazilian territory. The whole gravity network has been internally adjusted and

referred to the International Gravity Standardization Net 71. The net has been
found precise to +0.041 mGal.

Although the distribution of gravity stations is not ideal, Bouguer and free-Air
anomaly maps have been produced, these being the first gravity maps for the
whole basin. Contrary to the basin physiography, the Bouguer map unexpectedly
shows elongated gravity lows with NE-SW and NNW-SSE directions. These are
parallel to the Transbrasiliano Lineament and subparallel to the Araguaia Fold
Belt, respectively. A first attempt at interpreting the gravity anomalies resulted

in the proposal of an anomalous, denser zone at lower crustal depths.

The tectonic subsidence in the basinal area was estimated through systematic
backstripping using 22 boreholes which reached the metamorphic or sedimentary
basement. A non-uniform lithospheric stretching model was used as a first approx-
imation for the modelling of the tectonic regime. This procedure was suggested
by the presence of several grabenlike structures, as confirmed by shallow seismic

sections, exploratory boreholes and gravity maps.

Assuming an elastic rheology for the lithosphere, a regional W-E tectonic subsi-
dence profile could be reproduced employing an axisymmetric subsurface load and
a flexural ridigity of 0.2 x 102* N m. Results of the present study are consistent
with the apparent bimodality of the flexural ridigity of the continental lithosphere.
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“The time has come”, the Walrus said,

“To talk of many things”...

Lewis Carroll, Through the Looking-Glass
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CHAPTER 1

INTRODUCTION

1.1 The Brazilian Intracratonic Basins

Most of the South American Platform was exposed at the end of the Ordovician
(~440 Ma). Moderate subsidence in several sites began at about that time and

by the end of the Silurian three major intracratonic basins had started being

developed in Brazil, the Amazon, Parnaiba and Parand (Fig. 1.1).

The margins of these intracratonic basins are defined by large marginal arches
that started being formed in the Lower Silurian but were clearly defined only at the
Lower Carboniferous. Thicknesses of 3,000 to 5,000 m of gently dipping sediments

have been preserved in these basins (Fig. 1.1, schematic sections).

For all three basins there were three major periods of sedimentation: i ~445 to
410 Ma (Silurian); ii ~385 to 350 Ma (Devonian); iii ~310 to 235 Ma ( Carbonifer-
ous-Triassic) and two less intense periods: iv ~180 to 155 Ma (Jurassic) and v
~120 to 100 Ma (Cretaceous). Regional variations in the sediment supply and
tectonic regime allow for the differences in sedimentation rates. The Jurassic se-
quence, for instance, has not been found in the Amazon Basin. It must be stressed
that important gaps that lasted for 20-40 Myr are also found in the stratigraphic

record of these basins clearly indicating periods of non-deposition and/or erosion.

Interbasinal connection was still happening in the Palaeozoic during large ma-
rine transgressions. The Devonian was characterized in South America and, more
specifically, in Brazil by the largest marine transgression ever. The Devonian sea
allowed the three basins to be interconnected and palaeogeographic reconstruc-
tion maps have shown that Parnaiba and the Amazon Basins were interconnected

through a large NW channel while a link to Paranéd Basin was also established
through a SW channel.

Structural arches delimiting the Parnaiba and Parané Basins are usually asso-

ciated with fold belts active during the Brasiliano Cycle (700-450 Ma) and these
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Fig. 1.1  Brazilian intracratonic basins (top) and schematic geological cross-
sections (bottom). After Petri & Filfaro (1983).

Legend: T - Tertiary, K - Cretaceous, T - Triassic, P - Permian, C - Carbonif-
erous, C; - Lower Carboniferous, D - Devonian, S - Silurian, O - Ordovician,
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features suggest that these basins might have been in an embryonic phase at the
end of Precambrian (~570 Ma).

The oldest dated sediments in these basins are Upper Ordovician-Lower Silurian
with a marked marine character in the Devonian. Marine sediments are found in
Parnaiba and the Amazon up to the Upper Carboniferous and up to Permian
(~290 Ma) in the Parana Basin. The basinal subsidence gradually declined after
the Permian and, before these basins lost their individual characteristics, tectonic
activity along the present-day coastline started in the Jurassic (~200 Ma), with

the development of tectonic troughs and continental shelf sedimentation.

The main sedimentation scenario in Brazil after the Middle Cretaceous (~90
Ma) moved from the intracratonic basins to the coastal basins. The Cretaceous

sediments had already transgressed the original basin boundaries, thus making the

intracratonic basins lose their individualities.

The Phanerozoic geological history in Brazil is then mainly demarcated by five
events:

1 The onset of large intracratonic basins in the Upper Ordovician-Lower Silurian,
2 A large marine transgression in the Devonian starting a thalassocratic phase in

basinal development;

The disappearance of the large seas in the Carboniferous-Lower Permian bring-
ing an end to the thalassocratic phase;

4 The development of coastal tectonic troughs in the Lower Jurassic; and

5 The loss of the intracratonic basin individualities in the Cretaceous.

1.2 The Development of Intracratonic Basins: Current Ideas

The study of sedimentary basins is important for both scientific and economic
reasons. A geohistorical record of the tectonic, sedimentary and geochemical pro-
cesses which have acted in a region for many millions of years is held in the accu-
mulated sediment deposits. The use of the information held in these records help

discriminate which basin-forming mechanisms were important during the whole



development of a sedimentary basin. In particular, the initiation and evolution of

intracratonic basins is still under debate.

Sedimentary basins are sites of prolonged and substantial subsidence on the con-
tinental or oceanic lithosphere. The location and evolution of sedimentary basins
are intimately associated with the motion of the thin, relatively rigid lithospheric
plates and are subject to complex stresses. These stresses are due to the fact that
the lithospheric plates themselves are superimposed on a mantle slowly undergoing

convection. Mantle convection is also the source of plate boundary forces which

may be transferred considerable distances into the interior of plates.

Allen & Allen (1990) distinguish three main groups of sedimentary basins ac-
cording to their origin. They are:

¢ basins due to lithospheric stretching e.g. the North Sea Basin and the Rhine
Graben in Europe and the Rio Grande Rift in the United States;

e basins formed by flexure of continental and oceanic lithosphere e.g. the Ap-

palachian Basin in the USA and Ganga Basin in India; and

o strike-slip or megashear-related basins caused by local stretching in complex

fault zones e.g. Vienna Basin in Europe and Saint George Basin in the Bering

Sea, Alaska.

These genetically different basins are the result of different basin-forming mech-
anisms. Some basins may be affected by more than one mechanism at different
stages of their evolution. These polyhistory or multicyclic basins may show a

rather complicated present-day scenario.

Subsidence models of intracratonic basins are still under debate. However, these
basins have been observed (Bally & Snelson, 1980, Hartley & Allen, 1994) to quite
often follow precursory troughs established on tectonically unstable zones of the
Earth’s crust. Once established, these weaknesses zones have a long-lasting, pro-
found influence on the subsequent geological history of that particular area. This
influence manifests itself as tectonic reactivations with or without magmatism.
Structures formed by shear, compressional and extensional stresses are found in

these zones, e.g. long normal faults regionally demarcating deep, ancient troughs.



Moreover, shear stresses may also involve some extension (transtension) or com-

pression (transpression), further complicating the present-day basin scenario.

Several basin-forming mechanisms have been proposed to explain the creation
and evolution of intracratonic basins. They fall into a number of categories not

always mutually exclusive (modified after Hartley & Allen, 1994):
1 Lithospheric stretching and thermal contraction.
1.1 Rifting associated with a thermal plume e.g. McGinnis et al. (1976);

1.2 Thermal contraction following rifting e.g. Lindsay & Korsch (1989) and
Nunn (1994);

2 Crustal and mantle phase changes, metamorphism and intrusion.

2.1 Phase changes and thermal metamorphism e.g. Haxby et al. (1976); Mid-
dleton (1980) and Hamdani et al. (1991);

2.2 Isostatically uncompensated excess mass in crust due to igneous intrusions

e.g. De Rito et al. (1983) and Kolata & Nelson (1991);

2.3 Anorogenic granite emplacement associated with supercontinent break-up

e.g. Klein & Hsui (1987) and Klein (1991);
3 Changes in in-plane stress and tectonic rejuvenation.

3.1 Changes of in-plane stress in an elastic or viscoelastic plate e.g. Karner

(1986);

3.2 Tectonic rejuvenation of older structures e.g. De Brito Neves et al. (1984);

4 Convective instabilities. Development of mantle downwellings as convective

boundary layer instabilities e.g. Middleton (1989); and

5 Subaerial erosion. Erosion over thermal uplift followed by sediment loading e.g.
Sleep & Snell (1976).

All basin-forming mechanisms should be considered as primary in the sense that

they initiate the local subsidence process. Water and sediment loading further
amplifies the original tectonically-driven subsidence.



Finally, it must be said that although explanations about the origin and de-
velopment of intracratonic basins are still controversial, the times of initiation of

these basins and Palaeozoic passive margins are often coeval with the break-up of

a late Precambrian supercontinent.

Systematic synchronous changes in sediment volume which characterize several
Palaeozoic intracratonic basins have been observed not only in Brazil (Cunha,
1986; Raja Gabaglia & Milani 1990; Gées & Feijé, 1994; Quintas, 1995) but also

in North America, the Russian Platform and North Africa (Sloss, 1972; Klein &
Hsui, 1987).

The best-documented ancient intracratonic basins are those of the North- Amer-
ican Craton (Michigan, Illinois and Williston Basins) associated with the break-up
of the Laurentian continental assembly in the Lower Palaeozoic (~530 Ma). These

different observations suggest a commonality of intracratonic basin formation in

time and space in response to global processes.

1.3 Aims of This Study

The study of sedimentary basins like Parnaiba is useful for the understanding
of the thermo-mechanical evolution of the continental lithosphere and for defining

viable exploration sites for minerals and energy resources.

The absence of regional geophysical models to describe the origin and evolution
of the Parnaiba Basin led to the use of gravity and exploration well data as a first
attempt to produce a coherent regional structural model. The joint use of gravity
and exploratory borehole information help discriminate weakness zones associated

with sources of extensional tectonics affecting the Parnaiba Basin.

There are no deep seismic lines across the Parnajba Basin and shallow reflection
lines have not been released by the Brazilian government owned company Petréleo
Brasileiro S. A. - PETROBRAS (oil and gas exploration). Some details about the
Parnaiba Basin and surrounding geology are given in Chapter 2.

Gravity anomalies over sedimentary basins can be used to constrain depths,

positions and sizes of loads that cause lithospheric flexure. These anomalies are
due to:



o low-density sedimentary rocks infilling the basin;

e the driving load; and
e variations in depth to the crust/mantle (Moho) boundary.

A crucial phase of this study was preparing a homogeneous gravity data set
for geophysical interpretation. The usefulness of selected mathematical algorithms
capable of making a sub-set of the gravity data set consistent with modern sources

of datum and scale (the IGSN 71 or the Absolute Gravity Stations) is shown in
Chapter 3.

The basin geometry enables the use of axisymmetric 2.5D modelling which
explores this geometry in the interpretation of gravity anomalies and the deduction
of the regional basinal structure. The interpretation of the regional, resultant
and residual gravity anomalies is presented in Chapter 4. A deep crustal model

compatible with the isostatic condition of Parnaiba is proposed and is followed by

a discussion of the effects of the Mesozoic magmatism.

A helpful tool in assessing the evolution of sedimentary basins is the use of their
chrono-lithostratigraphic records. The application of the backstripping technique
allows estimating the “true” tectonic subsidence from the observed, sediment-
amplified basement subsidence. Also, lithospheric stretching models have been

proposed for basins undergoing extensional tectonics with variable success in
matching the deduced tectonic subsidence.

This is the first time that the backstripping technique has been systematically
applied to oil and gas exploratory boreholes that reached the basement of the
Parnaiba Basin. The information gathered allows the thermo-mechanical mod-
elling of the computed tectonic subsidence, under the frames of uniform/non-
uniform lithospheric stretching. It is anticipated, however, that the lack of detailed
chrono-lithostratigraphic data and density logs for all wells in the basin introduce

a fair degree of uncertainty on the results found. Erosional gaps also constitute a
serious problem in the validity of final results.

The tectonic subsidence found poses the problem of lithospheric loading. Since
the observed total subsidence has already been corrected for sedimentary loading,

a driving load should be responsible for the computed tectonic subsidence. Again,



the basin geometry allows the use of an axisymmetric loading model; thus an
assessment of the lithospheric flexural ridigity or, equivalently, the lithospheric

elastic thickness beneath Parnaiba can be made. These results are presented in
Chapter 5.

Final conclusions are summarized in Chapter 6. Listings of selected computer

programs used in this study can be found in the Appendix.



CHAPTER 2

THE PARNAIBA BASIN

2.1 Geological Setting

The Parnaiba Basin is situated in northeast Brazil. It is roughly ellipsoidal
in shape and covers an area of approximately 600,000 km?. The basin has been
named after the long river of the same name running approximately parallel to the
major axis of the basin (Fig. 2.1a). The geological setting of Parnaiba Basin and
its surrounding provinces is also shown in Fig. 2.1a. This is from the 1995 tectono-
geological map of Brazil compiled by the Brazilian government owned Companhia
de Pesquisa de Recursos Minerais (Company for Research on Mineral Resources)-
CPRM. A bilingual (Portuguese/English) key to this map is found in Fig 2.1b
on the following page. Note the progressive outcrop of older beds away from the
coast line with Cenozoic sediments onlapping Mesozoic and the latter eventually
onlapping Palaeozoic. The basin covers entirely two NE Brazilian states (Piaui-PI

and Maranhdo-MA) and parts of the adjacent states of Pard-PA, Tocantins-TO e
Ceara-CE.

The intracratonic Parnaiba Basin is bounded by fold belts and structural arches.
These belts are made of low to high-grade metasediments formed or reworked
during the Brasiliano Cycle (700-450 Ma). Referring to Fig. 2.2, to the north,
the smaller coastal Barreirinhas (A) and S&o Luis (D) Basins are separated from
Parnaiba by the Ferrer (C) and Urbano Santos (B) Arches. To the northwest it is
separated from the neighbouring Marajé Basin (F) by the Tocantins Arch (E). To
the west it is separated from the Amazon Craton by the Araguaia Fold Belt (G). To
the south it is separated from the Sdo Francisco (I) and Lengéis (K) Basins by the
basement high known as the Middle Séo Francisco Arch (J). Mesozoic sediments
on the Mangabeiras Plateau obscure the exact contact between the Parnaiba and

the S@o Francisco Basins. The Precambrian Borborema Province (L) demarcates
the eastern border of the Parnafba Basin.

The Parnaiba Basin is mainly Palaeozoic in age and filled with siliciclastics of

mostly continental origin deposited in five great depositional cycles from Upper



Fig. 2.1a Tectono-geological map of the Parnaiba Basin and adjacent provin-
ces. Note the decrease in basin width with time. Source: CPRM (1995) - Polyconic

projection.



40°W

O

(=

Ag

&I‘V Bora de Turiocw

Age ’\1,

> 4

&
A

‘v e

4 Mz
~ Mace 0

10°S



Cz

Mz

Pz

Eo

N¢

Mc

Pc

Nm

NUCLEOS E FRAGMENTOS CRATONICOS ARQUEANOS

i g d r ts
| DADE COBERTURAS CINTUROES MOVE!S Archean cratonic nucles an ragmen
GREENSTONES BELTS E CINTU- TERRENOS
Age Cover rocks Mob/le belts ROES VULCANOSSEDIMENTARES GRAN| TO—GNASS | CO
Greenstone bel/ts and vol— Grani tic—gne/ss/
Ma Ma cano—sedimentary be/ts terrasins
CENOZOICO
i Cz
Cenozoirc
65
MESOZO|CO
3 Mz
Mesozoic
235
PALEQZOICO e
Paleozoic
460
EOPALEOZOICO
Eopaleozoic
570
NEOPROTEROZOI CO
Late Proterozoic
1000
MESOPROTEROZOICO
Middle Proterozoic
1800
PALEOPROTEROZOICO
Early Proterozoic
2600 S—
ARQUEANO
Archean

PRINCIPAIS ASSOCIAGOES L ITOLOGICAS
PRINCIPAL ROCK TYPES

Sedimentos terrigenos, aluvioes e rochas lateriticas
Terrigenous sediments, alluvium and laterite

Sequencia essencialmente terrigena (arenito, siltito,
argilito), calcario e gipsita

Mostly terrigenous sequence (sondstone, siltstone, shale),

/imestone and gypsum

Sequencia essencialmente terrigena (arenito, siltito,
folhelho, diamictito). calcario e evaporitos

Mostly terrigenous sequence (sandstone, sil/tstone, shale,
diamictite), limestone and evaporite

Conglomerado, arenito e folhelho ('red beds')
Conglomerate, sandstone and shale (red beds)

Sequencia pelito—carbonatica (calcario, dolomito,
marga e folhelho), diamictito e arenito, localmente
deformados e metamorfisados ('sub greenschist')

Pelitic-carbonate sequence (dolomite,
and shale) d/amict/te and sandstone,
and metomorphosed (lower greenschist)

limestone, mar/
locally deformed

Sequencia arenitica com conglomerados e folhelho,
localmente deformada e metamorficada(’sub greenschist')

Sequence of sandstone with congl/omerate and shale,
de formed and metamorphosed (lower greenschist)
Sequencia filitica-metarenitica (incluindo xisto, meta—
dolomito, magnesita e formacao ferrifera bandada)

Sequence of phy!lite and metosandstone (including schist,
me tado/omite, magnesite and banded /ron formation)

Sequencia filitica-metacalcaria (incluindo xisto, meta—
renito e metadiamictito)

Sequence of phyllite and metalimestone (including schist,
me tasandstone and metadiamictite)

Fig. 2.1b

locally

Mm

Pm

Pg.Ag

Agn

Associacao de xistos e gnaisses (incluindo quartzito,

metacalcario, metagrauvaca, anfibolito @ rochas meta—
mafico—ul tramaficas)

Schist and gneiss (including quartzite, marble, metagra
wacke, omphibolite and metabasic and metaultrabasic rock

Associagao de gnaisses, migmatito e granulito (incluind
quartzito, rocha calcissilicatica e metabasica)

Gneiss, Migmatite ond gronulite (inc/uding quartzite,
calcsilicate and metabasic rocks)

Associagoes metavulcanossedimentares tipo 'greenstone
belt’ (vulcanismo mafico—toleiitico / komatiitico e
felsico—calcialcalino sucedido por sedimentos imatu—
ros) e tipo rifte (vulcanismo bimodal associado com
sedimentos clastoquimicos que transicionam para se—

dimentos pelito—psamiticos), metamorfisadas nas fa—
cies xisto verde e anfibolito

Me ta—vo/cano—sedimentary greenstone belt—type rocks (mc
fie—tholeiitic / komotiitic and felsic—calcalkaline voi
nism fol/lowed by immature sedimentary rocks) and rifit-t
chemical sedimentary units, i.e. BIF, chert, thatl grade

upward into shale and sandstone); metomorphosed
greenschist ond omphibolite facies

Ortognolfnon glodlcol @ potasaicos), migmatito e gra-—
nulito (incluindo metabasicas, anfibolito e reliquias
de rochas supracrustais)

0rtéogn¢{aa (sodic—and potassic—rich), migmatite and g
nulite (including metabasic rocks, amphibolite, aond re
lics of supracustal rocks)

Key for the tectono-geological map. Source: CPRM (1995).



Fig. 2.1b (cont.) Key for the tectono-geological map. Source: CPRM (1995).
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Ordovician to the Cretaceous. Regional uncomformities due to slow epeirogenic
crustal movements have been recognized and the sedimentary cover has been in-
truded by volcanic rocks of Lower Jurassic and Lower Cretaceous ages. Palaeo-
zoic sediments reach up to 2,900 m and are mainly sandstones with subordinate
siltstones and shales. These rocks define broad and regionally distributed lithos-
tratigraphic units with small facies variations. Carbonate beds and evaporites
(gypsum and anhydrite) of Upper Carboniferous and Permian ages are sometimes
found, indicating marine transgressions in a hot, arid environment. Mesozoic and
Cenozoic sediments do not exceed about 600 m and are of lesser importance than

in the neighbouring Barreirinhas Basin to the north, where they reach up to 9,000
metres.

A great number of geological similarities has been found between the northeast
coast of Brazil and the west coast of Africa (Fig. 2.3). The analysis of tectonic
style, metamorphism, geochronology, palaeontology and gravity anomalies indi-
cates several correlations among large crustal blocks (Torquato & Cordani, 1981;
Lesquer et al., 1984). Figure 2.3 (Cunha, 1986) shows the relative position of
tectonic units in Occidental Gondwana at the end of the Brasiliano/Pan-African
Cycle. Evidence supporting this proposal is given by i the Palaeozoic sediments
found to the south of Accra; ii the immature clastics found to the north of Accra
and their close resemblance to their northeast Brazilian counterparts and iii the
similar thermo-tectonic history of the Dahomeids (Africa) and Gurupi (Brazil)
Fold Belts. Cunha (1986) has proposed that a precursory subsidence region might

have existed in the region along the Transbrasiliano Lineament in Brazil and the
Benin-Hoggar Lineament in Africa.

About 27% of the Parnaiba Basin has been mapped in detail and a general
geological map including the structural arches is presented in Fig. 2.4. The To-
cantins Arch has been interpreted as the result of uplifting and intense erosion
(down to Permian rocks) from the Upper Jurassic (Malm, ~150 Ma) to Middle
Cretaceous (Aptian, ~120 Ma). Likewise, the Ferrer and Urbano Santos Arches
have been positioned in the Lower Cretaceous (Neocomian, ~135 Ma) as a result of
the Gondwana rupturing and the opening of the Equatorial Atlantic Ocean. The

presence of smaller deformational (transpressive) structures close to these arches
have also been found in a few seismic sections.
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2.2 Surface Structural Features

Surface structural features (Fig. 2.5) mapped so far show that the most impor-
tant structural directions are NE and NNW (see rose diagram). The most frequent
structural features are basinal fractures, especially in the east of Parnaiba which
is locally highly fractured. Normal faulting prevails throughout the basin and the
most important faults are 50-100 km in length, with a few (e.g. Bote and Meios
Faults) extending to 110 km on the western and south-western borders. Fault
throws are usually less than 50 m but occasionally 150 metres. Reverse faulting is

less common and has been identified mostly southwest of Parnaiba.

The Parnaiba Basin shows some asymmetry with dip angles in the southern and
southeastern borders being steeper than those in the northwest (Cunha, 1986).
Dips in the basin are usually quite low, typically 3-4°. Folding is not a frequent
structural feature and most of the folds observed in the geological mapping have

been associated with sedimentary layers being disturbed by igneous bodies.

Regional faults and lineament traces have been recognized in the field and by
using remote sensing tools. Radar images and TM-Landsat mosaics (black &
white, bands 3 and 4, scale: 1:500,000) have been used to characterize basement-
related structures. The interpretation of these images is found in an internal

(unreleased) PETROBRAS report: Cunha & Gées (1989).

A major tectonic feature that affected the development of the Parnaiba Basin is
the NE-SW Transbrasiliano Lineament which is clearly seen on the aecromagnetic
map shown in Fig. 2.6. This 75-100 km wide lineament extends through Brazil,
Paraguay and Argentina in the NE-SW direction for about 2,700 km (Schobben-
haus, 1984). The morphostructural evidence of the Transbrasiliano Lineament
in the Parnaiba Basin interior is given mainly by NE-SW faults cutting through
Palaeozoic and Mesozoic sections and by Cretaceous diabase dykes in the same
direction. This lineament is a complexly faulted shear zone including structural
highs and grabens that possibly initiated in the Middle-Upper Proterozoic (Marini,
1984) and have been intermittently reactivated. Hasui et al.  (1984) showed
evidence of transcurrent dislocations that affected this complex faulting pattern
during the Uruaguano Cycle (1.3-1.0 Ga) and vertical reactivations at the end
of the Brasiliano Cycle (700-450 Ma). Evidence of transcurrent syn-Brasiliano
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Aeromagnetic map of the Parnaiba Basin (total intensity in nT). The

continuous red line is the erosional basin boundary and the scattered crosses are

borehole sites (after Gées et al., 1993).
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dislocations was recently presented by Fortes (1990, 1992). An isolated magnetic
anomaly on the Transbrasiliano Lineament is shown in Fig. 2.7a and the geological
model proposed by Goées et al. (1993) is shown in Fig. 2.7b.

Cunha (1986) was able to recognize in the contemporaneous morphology some
NW-SE aligned river inflections due to faulting and the control of the mudlithic-
arenaceous facies of Cretaceous sediments. His proposal of a NW-SE much less
conspicuous surface structural feature (the “Picos-Santa Inés Lineament”, from
about 4°S, 40°W to 2°S, 46°W) has hardly any expression on the aeromagnetic
map of Fig. 2.6. The isopach maps for the Silurian and Devonian sequences
(see Figs. 2.17 and 2.18) show a NW-SE early depositional control. This seems

to be the only evidence to link a present-day surface feature to the intermittent
reactivation of an ancient crustal weakness zone.

Faulting is also evident on the aeromagnetic map to the NE of the Parnaiba
Basin including the neighbouring coastal Barreirinhas Basin (Fig. 2.8). The
anomaly pattern has been interpreted as due to the trace of a long transcur-
rent fault originating during the opening of the Equatorial Atlantic Ocean and
subsequently being reactivated as a normal fault, leading to the development of
the Barreirinhas Basin. A 60 km horizontal offset has been estimated from the

displacement of prominent magnetic anomalies over the Urbano Santos structural
high and the delta of the Parnaiba River.

2.3 Geology of the Basement Rocks

The Precambrian basement of the Parnaiba Basin has been demarcated by the
study of outcropping rocks adjacent to the basin and those drilled in several ex-
ploratory boreholes. The basement mostly consists of folding belts, crustal blocks
and median massifs similar to those found in the adjacent structural provinces and

extending to the basin interior (Fig. 2.9), as confirmed by some wells. These rocks

have been metamorphosed (and some produced) in the Brasiliano Cycle (700-450
Ma).

Basement rocks have been scarcely sampled in the Parnaiba Basin and Fig,.
2.10 presents a distribution of 24 PETROBRAS boreholes (6 on adjacent coastal

11



9.750 km

Fig. 2.8 Horizontal offset of ~60 km inferred from the displacement of the magnetic anomalies on

the Urbano Santos structural high and the delta of the Parnaiba River (after Gées et al., 1993).
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basins), their depths to basement rocks or ancient sedimentary covers, the avail-
able radiometric dates and lithological classification. The basement rocks of the
Parnaiba Basin have been described as quartzites, metamorphosed limestones and

schists affected in varying degrees by the Brasiliano Cycle.

An exploratory borehole (MS-1, 6.99°S, 45.49°W, Fig. 2.10) reached micaceous
quartzite at a depth of 2,470 metres. This rock has been dated by the Rb/Sr (total
rock) method giving an age of 1.42 Ga. This evidence and the observed metamor-
phic polarity* of the fold belts bordering the basin have led to the proposition

that a central cratonic nucleus might be present beneath the Phanerozoic cover
(Cordani et al., 1984; Cunha, 1986).

A schematic map of the basement of the Parnaiba Basin (Gdes et al., 1993) is
shown in Fig. 2.11. Precambrian rocks are found in the Granja and Goias massifs
and in the Sdo Luis Craton. These outcrops define an ancient geological and
geochronological domain related to the Transamazon Cycle (2.1-1.8 Ga). The Sao

Luis Craton is bordered by low-grade metasediments, greenschist facies, defining
the Gurupi Fold Belt. Rocks of this orogenic belt define a younger domain and
have been related to the Brasiliano Cycle (700-450 Ma).

The Parnaiba Basin is also bounded to the west by the Araguaia Fold Belt.
This is an ancient Proterozoic unit which has undergone tectonothermal events
due to the Uruaguano (1.3-1.0 Ga) and Brasiliano Cycles. Metamorphic polarity
is directed to the Amazon Craton and, given the K/Ar age of 608 + 21 Ma for a
gneiss drilled at well CL-1 (7.34°S, 47.46°W, Fig. 2.10) it is believed that similar

metamorphosed rocks might be found beneath the Phanerozoic sedimentary cover.

Middle to high metamorphic rocks (granulites) are found to the southwest of
Parnaiba. They seem to be the core of the Araguaia Fold Belt and this fold belt
is intersected in the south by a NE-SW cataclastic belt defining the Transbrasil-

iano Lineament. Upper Precambrian-Lower Cambrian deposits are found in local
troughs.

* Use of the term “polarity” is made to point out the direction of decreasing

metamorphism, orogenesis and magmatism, according to the definition of Loczy

& Ladeira (1976).
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Cretaceous covers to the south of the Parnaiba Basin preclude the direct ob-

servation of the contact between the Palacozoic sediments and the Precambrian

basement rocks.

To the southeast, basinal rocks overlay Upper Precambrian migmatites and
gneisses. These rocks define orogenic belts in the adjacent Borborema Province and
were deformed during the Brasiliano. Structural trends are NE-SW, subparallel
to the southeast basin border and bounded by the Sao Francisco Craton. The
observed tectonic zones lead to increased metamorphism towards the basin interior.

Core rocks of these belts should be found beneath the basinal sequences.

The eastern embayment of the Parnaiba Basin is the west-southwest exten-
sion of the Borborema Province. This complex unit is formed by folds belts and
median massifs delimited in several zones by (mainly) transcurrent faulting and
extensive lineaments. The rocks of this unit present polyphasic metamorphism
with gradations from greenschist to amphibolitic facies. The Borborema Province
shows NE-SW structures reaching Parnaiba diagonally. Characteristic rocks of
this province have been drilled in wells MA-1 (4.83°S, 42.80°W), MA-2 (4.85°S,
42.78°W), NLst-1 (5.60°S, 42.59°W) and FL-1 (6.46°S, 42.80°W), see Fig. 2.10.

Some samples are very cataclastic and show ages related to the Brasiliano Cycle.

Cataclastic belts are also shown in Fig. 2.11. The NE-SW zone of cataclased
rocks has been associated with the Transbrasiliano Lineament while a smaller NW-

SE zone of cataclased rocks has been mapped by Hasui et al. (1984) to the south
of the Gurupi Fold Belt.

In summary, the basinal substratum is mainly formed by metamorphic rocks
originated in tectonomagmatic processes not older than Middle Proterozoic (1.6-
0.9 Ga). Subordinate sedimentary rocks (showing varying degrees of metamor-
phism) are preserved in grabenlike structures of Upper Proterozoic and Cambro-

Ordovician ages. These precursory sediments are discussed in more detail in the
following section.

2.3.1 Ancient Sediments: The Riachao and Mirador Formations

The base of the first basinal sequence (the Upper Ordovician Serra Grande
Group) was reached at -1,414 m at well VG-1R (7.40°S, 46.62°W, Fig. 2.12).
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From this depth down to -2,495 m (1,081 m drilled thickness) only immature
sediments of the Riachdo Formation were drilled. The drilling samples included
greywackes, siltstones, red shales and ignimbrites typical of a Molasse* sequence.
This borehole did not reach metasediments or any other rocks belonging to the em-
bayment of the Parnaiba Basin and the total thickness of the Riachdo Formation
is therefore unknown. The immature character of these clastics, their lithologic
similarity, proximity and position below the Serra Grande Group suggest that this
Formation correlates with the Monte do Carmo Formation which outcrops in ter-
rains bordering the south-southwest Parnaiba Basin and with the platform covers
of the Amazon Craton. The Monte do Carmo Formation is found in grabenlike
structures showing signs of middle-grade metamorphism. Godes et al. (1993) has
interpreted the few available seismic sections as showing evidence of carbonatic and
pelitic facies in deeper parts of the Riachéo Formation and tentatively assigned an
Upper Precambrian (~700 Ma) age to this unit. Other PETROBRAS wells (see
Fig. 2.12) which reached the Riachio Formation are FM-1 (8.25°S, 46.09°W),
FO-1 (8.26°S, 46.23°W), 1Z-1 (5.45°S, 47.35°W), 1Z-2 (5.53°S, 47.49°W), TB-1
(7.42°S, 46.10°W) and VB-1 (7.47°S, 46.30°W) with drilled thicknesses not ex-
ceeding 51 metres. Wells reaching the Riachéo Formation yielded the largest heat

flow estimates in Parnaiba, ranging from 60 to 90 mW m~2 (Pereira & Hamza,
1991).

A single exploratory borehole (MD-1, 6.38°S, 44.30°W, Fig. 2.12) also drilled
160 m of immature sediments which define the Mirador Formation. Metamorphic
basement rocks were not reached. The Mirador Formation does not outcrop and
seems to be restricted to the central-southeast part of the basin. Lithologically,
it has been described as light grey-greenish to grey-whitish sandstones, with some
intercalations at the top of extremely micaceous siltstones and greenish shales.
Sandstones vary from fine to coarse-grained with quartz, quartzite and feldspar
grains and pebbles scarcely distributed (Rodrigues, 1967). No fossils have been
found in the Mirador Formation. Caputo & Lima (1984), tentatively established its

age by correlation with rocks of the Pacuji Formation of the adjacent Borborema

* The later deposits of foreland basins are coarse-grained, predominantly shallow-

water or continental sediments and typify the term “Molasse” (Allen & Allen, 1990,
p. 246; Ricci-Lucchi, 1986.
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Province (Fig. 2.11, Cambro-Ordovician grabenlike structures). The clastics of
the Pacuja Formation are also immature and found below the sedimentary sections
of the Serra Grande Formation in grabens outcropping to the east and northeast
of Parnaiba. Diagenetic and low-grade metamorphic processes affected the Pacuja
Formation at about 535 + 27 Ma. These rocks are topped by a volcanic suite
dated as 500-480 Ma and the whole graben section has been positioned in the
Upper Precambrian-Middle Ordovician. Assuming the Mirador Formation is con-

temporaneous to Pacuja, it seems to have been deposited at Cambro-Ordovician
times.

Two groundwater wells also drilled sediments not belonging to the basinal se-
quence. About 240 m of fine sandstones were drilled at well SR-1 (8.75°S, 42.90°W)

and well CC-24 (8.35°S, 43.83°W) reached whitish carbonatic rock below the Serra
Grande Group.

The well data summarized above and some evidence found in a few PETRO-
BRAS seismic sections lead Cunha (1986) to propose the existence of grabenlike
structures within the basin which might have acted as precursory axes of subsi-
dence. These structures would be the result of the activity along ancient fault
lines either in the Precambrian (Riachéo) or Cambrian (Mirador) times. Godes
et al. (1993) reprocessed old seismic lines and used the information provided
by more recent exploration wells (BAC-1, 5.30°S, 45.44°W) and (CP-1, 4.76°S,
44.30°W) to further support this proposal. The thicknesses of sediments infilling

these grabenlike structures are still unknown and cannot be shown in an isopach
map.

The deposition of the Mirador and Riachio Formations preceded the regional
sedimentation of Parnaiba by ~60-300 Myr and supports the interpretation that

this crustal block in northeastern Brazil was the site of intermittent extensional

tectonics since (at least) the Upper Proterozoic.

2.4 Basin Stratigraphy and Tectonic Events

A concise presentation is first shown of the exploration tools that, along with
basic geological mapping, were used in recognizing the different basinal strata,

how they have been structured across the Parnaiba Basin and a reconstruction
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of basinal sequences in time. The reference geologic time scales were taken from

Hack & van Eysinga (1987) and Harland et al. (1990).

The location of all exploratory boreholes drilled by PETROBRAS in the Par-
naiba Basin is shown in Fig. 2.13. There are 36 wells, 22 of which reached
basement rocks or precursory sedimentary covers. Also shown in this figure is
the location of 25 shallow ground water exploration wells drilled by CPRM in the
northeast, east and southeast of Parnaiba. Most of the depths of these wells cannot
be shown because CPRM has not released them for the present study. However,
Gées (1991, 1993) managed to include relevant information from these wells in the
construction of isopach maps (Figs. 2.16-2.23). The density of exploratory wells is

low (1 well/16,700 km?) and Parnaiba is the least explored of the three Brazilian
Palaeozoic basins.

Reflection seismic studies for oil exploration purposes in Parnaiba started in the
1950s with a few analog records. More systematic surveys began in 1975 in the
area of the Ferrer Arch. Figure 2.14 shows the distribution of reflection seismic
sections executed by PETROBRAS up to 1989, i.e. the last executed. The total

seismic coverage is only 7,866 km with a very low density of 0.013 km/km?.

Surface geochemical prospecting was also executed by PETROBRAS for oil
exploration purposes in about 14% of the total basin area (Fig. 2.14). About
2,350 soil samples were collected on a (approximately) 5 x 5 km grid and have been
analyzed for concentrations of gaseous hydrocarbons: methane, ethane, propane,
butane and pentane. Vapours heavier than ethane (C2%), pentane (C5%) and
total hydrocarbon contents have been also measured.

The sediments in the Parnaiba Basin form simple, thin sequences, with total
thickness just over 3,500 metres. The predominantly sandy character and small
number of fossils make it difficult to define the lithostratigraphic units and facies
differences. The oldest strata defining the basin shape are Upper Ordovician-
Lower Silurian and regional subsidence continued until the Cretaceous, when it
was disrupted by the opening of the Equatorial South Atlantic Ocean. Similar de-
positional sequences are found in the Amazon and Parana Basins. They have been

also found roughly synchronous with the North-American Tippecanoe, Kaskaskia
and Absaroka sequences (Nunn & Aires, 1988).
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Of fundamental importance in the following sections is the geological concept
of depositional sequence (Allen & Allen, 1990). Briefly stated, the fundamental
meso-scale building blocks of stratigraphy are coherent and genetically related
packets of strata known as depositional sequences. They are bounded by uncom-
formities or lateral comformities and are thought to have a chronostratigraphic
significance. The boundaries of depositional sequences are of critical importance
and the relation of the internal stratigraphic horizons to the depositional sequence

boundary indicates the changes taking place that gave rise to the laying down of
the new depositional sequence.

Data gathered from surface geology, geochemical surveys, exploratory wells and
seismic sections were integrated to produce the chrono-lithostratigraphic chart by
Goes & Feijo (1994). A schematic NW-SE basin section is presented in Fig. 2.15
along with the absolute ages, the formation names, the prevailing tectonic regimes
and the depositional environments. The same data set allowed the construction
of the total isopach map for the Parnaiba Basin (Fig. 2.16) and the characteristic
oval shape of this basin is shown. A set of isopach maps for each depositional
sequence of Parnaiba Basin as well as basalt/diabase and anhydrite cumulative

thicknesses, isoliths, have been presented by Gées et al. (1993). These isopach
maps are shown in the following sections.

The scarcity of wells and seismic sections do not give more than a regional

significance to the isopach contour lines. The approximate depositional period for
each sedimentary layer is also given.

2.4.1 Silurian Sequence: The Serra Grande Group

The strata forming the first depositional sequence of the Parnaiba Basin are
those belonging to the Serra Grande Group (Fig. 2.17). The isopach map shows a
strong depositional control along a NW-SE direction and, on a smaller scale, a NE-
SW direction. This depositional pattern has been interpreted as clearly showing

the prolonged influence of ancient crustal weakness zones on basinal development.

This Group overlays the metamorphic basement rocks and the molasses of Ri-

achéo and Mirador Formations uncomformably. The sedimentary assemblage of
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Age Formation Lithology Tectonic Depositional
(Ma) Name NW SE Evolution Environment
Fluviolacustrine
100 [tapecuru Fluviolacustrine
Grajau-Codd
RIFT
Sardinha Volcanism
(Mearim Gr.)
150 Corda Fluviolacustrine
Pastos Bons SAG Desertic
200 I\/I()Squit() Volcanism
UPLIFT
(ATLANTIC
(Balsas Gr.) OPENING)
Sambaiba Desertic
r_25() Motuca Desertic
Lacustrine
Pedra
de SAG Neritic
Fogo Littoral
Storms
-300 Piaui Sabkha
Desertic
HERCYNIAN
OROGENY
(Canindé Gr.)
L—350 Poti Fluviodeltaic
Longa Tidal
Cabecas Storms
Pimenteiras Glacial
[taim Storms
Deltas
| 400 CALEDONIAN
(S. Grande Gr.) OROGENY
Jaicos Anastomosed
Rivers
Tiangua SAG Neritic
11)1'1 Fluvial
450
500 Mirador RIFT Alluvial
550
| 600 Riachao RIFT Fluvioalluvial
Fig. 2.15 Schematic NW-SE chrono-lithostratigraphic

section of the Parnaiba Basin.

Note the time scale on the left is not linear. (after Gées et al., 1993).
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Fig. 2.16  Total isopach map of the Parnaiba Basin. Contour interval: 500 m
(after Gdes et al., 1993).
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Fig. 2.17 Isopachs for the Serra Grande Group (Upper Ordovician-Silurian).
Contour interval: 100 m (after Gdes et al., 1993).



this Group is mainly characterized by fluvial sandstones with subordinate silt-
stones, conglomerates, shales and rare diamictites. Caputo & Lima (1984) com-
piled chrono-lithostratigraphic data, geochemical analysis and updated palinolog-
ical data and recognized three formations: Ipu, Tiangua and Jaicés. This deposi-
tional sequence records an entire transgressive-regressive cycle with Tiangua cor-
responding to the maximum flood surface and Jaicés being the regressive phase.
The Sefra Grande Group in Parnaiba has been correlated with the Trombetas

Group in the Amazon Basin and the Rio Ivai Group in Parana Basin.

The Ipu Formation contains middle/coarse-grained sandstones and rare silt-
stones, shales and diamictites, showing signs of glacial and fluvioglacial influence.
This Formation had been assigned a Lower Silurian age, but Cunha (1986) ar-
gued that it would be better positioned as Upper Ordovician-Lower Silurian, due
to some similarities found by Caputo & Lima (1984) to Upper Ordovician lithos-
tratigraphic units found in Occidental Africa. The maximum drilled thickness of
Ipu is 350 m and it has been deposited between 445 and 435 Ma.

The Tiangua Formation has been described as extremely micaceous sandstone,
sometimes erroneously interpreted as shales, some siltstones and grey shales de-

posited on a neritic environment at Middle Silurian (435-425 Ma) Its maximum
drilled thickness is 200 metres.

The Jaicés Formation overlaies the Tiangua Formation comformably and en-
closes medium to coarse-grained sandstones and pelites deposited in the Upper

Silurian (425 and 410 Ma) with a maximum drilled thickness of 360 metres.

The transition from Silurian to Devonian is related to the Caledonian Orogeny
which brought strong modifications to the depositional environment of the basin,
from continental to marine, with pronounced glacial influence. At the end of the
Silurian a marine regression caused the clastics of the next sequence to be un-
comformably deposited on the eroded surface of the Jaicés Formation. This is
an easily recognized parallel uncomformity, well seen where both units outcrop
and inferred from palaeontology, lithology changes, salinity contrasts and electri-

cal logs elsewhere. An erosional gap of ~25 Myr has been associated with this
uncomformity.
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2.4.2 Devonian Sequence: The Canindé Group

The Canindé Group includes the Devonian and Lower Carboniferous sequence
and is the main target for oil exploration (Fig. 2.18). The isopachs still show

some preferred depositional directions, although less prominent than the Silurian
sequence.

Representative facies of this Group are sandstones, shales, siltstones and diamic-
tites witnessing another transgressive-regressive cycle with deposits in continental,
transitional and marine environments. Glacial influence is recognized in these clas-
tics and marine deposits were usually affected by storm waves and ocean currents.

The Canindé Group includes the Itaim, Pimenteiras, Cabecas, Longd and Poti
Formations.

The Itaim Formation is of Middle Devonian (385-380 Ma) age and has fine,

whitish sandstones and gray to dark grey shales deposited in storm-dominated

deltaic environments. Its maximum drilled thickness is 260 metres.

The Pimenteiras Formation consists of thick, organically rich, dark-grey to
black, radioactive shales with thin layers of very fine-grained sandstones deposited
in a neritic, storm-dominated shelf environment. An Upper Devonian age (380-370
Ma) was assigned to this formation and this is the most promising target for oil

exploration with a maximum drilled thickness of 320 metres.

A similar Upper Devonian age (370-365 Ma) was assigned to the Cabegas For-
mation, made up of fine sandstones deposited on a neritic, wave-dominated shelf

environment and showing glacial influence. The maximum drilled thickness is 350
metres.

The Longa Formation is Upper Devonian-Lower Carboniferous (365-360 Ma). It

includes fine sandstones, shales and siltstones also deposited on a storm-dominated,

neritic environment. Its maximum drilled thickness is 220 metres.

The last unit in the Group, Poti Formation, has been described as grey-whitish
sandstones, with intercalations of shales and siltstones, mostly deposited in occa-

sionally storm-influenced deltas in the Lower Carboniferous (360-350 Ma). The
maximum drilled thickness is 220 metres.
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Fig. 2.18 Isopachs for the Canindé Group (Devonian). Contour interval: 100
m (after Gdes et al., 1993).



The Canindé Group overlaies the Serra Grande Group uncomformably, except
in the extreme east, where it is in direct contact with basement rocks. It has been

correlated to the Urupadi and Curuéd Groups in the Amazon Basin and to the

Parana Group of Parana Basin.

After the deposition of the Poti Formation the basin was totally exposed and
a new uncomformity was imprinted upon the sediments, accompanied by major
changes in climate and depositional conditions. The marine, open-sea environ-
ment, with cold to temperate climate, of the Silurian-Devonian changed into a
continental, arid environment in the Carboniferous-Triassic with a remanent, epi-
continental sea. This disruption of the subsidence pattern has been related to the

Hercynian Orogeny and seems to have lasted for ~40 Myr.

2.4.3 Carboniferous-Triassic Sequence: The Balsas Group

The next depositional sequence is the Balsas Group which includes the Piaui,

Pedra de Fogo, Motuca and Sambaiba Formations (Fig. 2.19). As seen in the
isopach map, an uplift of the eastern basin border and reactivation of NW-SE
weaknesses zones caused an orientation change in the depositional pattern of this
sequence, bringing it closer to the present depocentre. The Carboniferous-Triassic
basin, quite different from the Siluro-Devonian sequence, reached the characteristic
ellipsoidal shape of Parnaiba Basin. The Balsas Group has been correlated with

the Tapajés Group of the Amazon Basin and with the Itararé, Guata e Passa Dois
Groups of Parana Basin.

The Piaui Formation consists of middle to fine-grained, grey-whitish sandstones
which eventually become conglomeratic, red shales and whitish limestones. These
rocks were deposited under severe arid conditions in continental, littoral environ-

ments and have been assigned an Upper Carboniferous age (310-290 Ma). The
maximum drilled thickness is 220 metres.

The Pedra de Fogo Formation consists of silex and limestones interbedded with
fine/middle-grained yellowish sandstones, gray shales and white anhydrite of Lower

Permian age (290-255 Ma). Silicified trunks of Psaronius Brasiliensis, a Permian
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Fig. 2.19 Isopachs for the Balsas Group (Upper Carboniferous-Lower Triassic).
Contour interval: 100 m (after Gées et al., 1993).
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fossil index are found in this layer. The depositional environment of this forma-

tion is neritic, shallow to littoral, with sabkha flatlands sometimes being storm-

influenced. The maximum drilled thickness is 240 metres.

The Motuca Formation is made up of reddish and brown siltstones, fine/middle-
grained white sandstones, white anhydrite and very rare limestones deposited in a
lacustrine-controlled, desertic, continental environment during the Upper Permian

(255 to 245 Ma). The maximum drilled thickness of this formation is 280 metres.
A map of anhydrite isoliths is shown in Fig. 2.20.

The afossiliferous Sambaiba Formation is made up of yellow to reddish, fine/
middle-grained sandstones, showing large cross-stratification and was deposited by
aeolic systems in a desertic environment. A Lower Triassic age (245-235 Ma) has

been assigned to this formation and its maximum drilled thickness is 440 metres.

As a consequence of the thermal uplift that occurred during the opening of the
Equatorial Atlantic Ocean, the basin was again exposed putting an end to this
sedimentary cycle. Intense erosion followed for ~30 Myr and the first signs of
magmatism further obscured basinal development. The basalts of the Mosquito
Formation are stratigraphically positioned between the Carboniferous-Triassic and
the Jurassic sequences. A much smaller basaltic flow known as the Sardinha For-

mation overlays the Jurassic depositional sequence. The magmatism in Parnaiba

Basin is discussed in more detail in section 2.3.

2.4.4 Jurassic Sequence: The Mearim Group

The last large depositional sequence is the Mearim Group, which includes the
Pastos Bons and Corda Formations (Fig. 2.21). Rocks of the Mearim Group
were deposited in a continental, desertic environment controlled by fluviolacustrine
systems. The fossiliferous contents is poor but the occurrence of ostracods, and
Lepidotus Piauhyensis helped assigning a Middle Jurassic age to this group.

The limnic sedimentation of the Mearim Group includes siltstones and green,

brown-reddish shales/claystones. Quartz grains are embedded in the rock matrix

of the Pastos Bons Formation. Sandstones appear as subordinate rocks in this

unit which shows & maximum drilled thickness of 77 m and has been deposited
between 180 and 170 Ma.
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The Corda Formation is characterized by grey-whitish and reddish, fine/coarse-

grained sandstones. The maximum drilled thickness is 29 m and it has been
deposited between 170 and 155 Ma.

The Mearim Group rocks show uncomformable contacts with the subjacent
Mosquito basalts and a small erosional gap of ~4 Myr has been estimated. The
Group is also uncomformably overlaid by the Sardinha basalts after an interval
of ~15 Myr. Rocks of the Mearim Group have been tentatively correlated to the

Botucati Formation of Parand Basin. No equivalent sediments have been found
in the Amazon Basin.

2.4.5 Cretaceous Sequence: The Grajai/Codé and Itapecuru Forma-
tions

The Cretaceous sedimentation in Parnajba Basin is represented by the Grajad,

Codé and Itapecuru Formations (Fig. 2.22). The rupture of the Brazilian equa-

torial margin in the Lower Cretaceous (Neocomian, ~135 Ma) allowed a new,

short transgression/regression cycle with further basin subsidence. Sedimentation
is restricted to the central-north part of the basin.

The Grajai Formation is made of fine to conglomeratic, whitish sandstones
interfingered with the bituminous shales, limestones and some anhydrite of the
Codé Formation. The Codé sediments were deposited in a shallow marine envi-
ronment interbeded with littoral sediments of the Grajaid. These formations have
been deposited in the Middle Cretaceous approximately from 120 to 110 Ma and

their maximum combined drilled thickness is 237 metres.

The Itapecuru Formation has been described as reddish, middle to coarse-
grained sandstones and brown-reddish mudstones not exceeding 724 metres. This

last sedimentation occurred in the Upper Cretaceous (110-100 Ma) with the depo-

sition of the Itapecuru rocks in fluviolacustrine, estuarine and deltaic environments
under a semi-arid climate.

Sedimentation cycles in the Parnaiba Basin eventually ended in the Upper Cre-
taceous (Senonian, ~85 Ma). The north equatorial coast was affected by tectonic
activity related to the complete separation of the South American and African

continents. Zones of NW-SE and NE-SW weaknesses experienced shear causing
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Fig. 2.22 Thicknesses of the Itapecuru/Codé Formations (Cretaceous). Con-
tour interval: 100 m (after Gdes et al., 1993).



transcurrent dislocations, asymmetric anticlines and associated reverse faulting.

This tectonic event ends the evolutionary history of the Parnaiba Basin.

2.4.6 Magmatism in the Parnaiba Basin: The Mosquito and Sardinha
Formations

The initial stages of the rupturing of Gondwana reactivated N-S faults to the
west of Parnaiba and NE-SW faults to the east. The magmatism in the Parnaiba
Basin (Fig. 2.23) seems to have happened in pulses from the Lower Jurassic to the
Middle Cretaceous. These intrusive and extrusive volcanics show radiometric ages

from 215 to 110 Ma (Fig. 2.24), thus Parnaiba seems to have the longest record

of volcanic activity affecting a Brazilian intracratonic basin.

About 90% of the observed sills intrude the Devonian sequence (Canindé Group)
with the Silurian sequence (Serra Grande) taking the remaining 10%. Seismic and
well data have shown that diabase sills do not reach the Carbonif-erous-Triassic
strata. This has been associated with insufficient magmatic pressure as well as
being due to the arenaceous barriers posed by the Poti and Piaui Formations, top
and base of the Devonian and Carboniferous sequences, respectively. The diabases
have not been grouped as individual units due to their non-specific stratigraphic

position in the basin but are obviously associated with the magmatic pulses.

The extrusive magmatism of the Parnaiba Basin is bimodal in age and is repre-

sented by two-pyroxene flood basalts, the Mosquito and the Sardinha Formations.

The Lower-Middle Jurassic Mosquito Formation has been described as tholeiitic,
amigdaloidal, black basalts, sometimes interfingered with red sandstones and silex
beds and occurs between the Balsas and Mearim Groups. The Mosquito basalts
outcrop to the west of Parnaiba and have been dated at 215-180 Ma.

The Mosquito flood basalts are characterized by low TiO; (< 2 wt.%) and in-
compatible element contents. Regarding Sr-Nd isotope data, the Mosquito tholei-
ites show initial 87Sr/®¢Sr (Ro) and present day 4*Nd/1*¢Nd (Nd,) ratios in the
ranges 0.7030-0.7075 and 0.51293-0.51248, respectively. These ratios suggest that

the Mosquito basalts experienced low-pressure crustal contamination.
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The Sardinha Formation is made of Lower Cretaceous, black, amigdaloidal
basalts overlaying the Mearim Group and subadjacent to the Grajai/Codé Forma-
tions. Restricted outcropping occurs to the east of Parnaiba and its stratigraphic
positioning is still controversial due to ill-defined contacts. The Sardinha basalts
have been positioned as post-Corda and tentatively dated as 140 to 125 Ma.

The Sardinha basalts are high in TiO; (> 2 wt.%) and incompatible elements.
Moreover, their Ry and Nd, ratios vary in restricted ranges (0.7054-0.7059 and
0.51247-0.51245, respectively) and do not show significant correlations with major
and trace elements, thus suggesting appreciable crustal contamination. The asso-
ciated intrusives have been found to correspond to Lower Cretaceous dyke swarms
of the northeastern Borborema Province and to the coeval Benue Trough in west
Africa (Bellieni et al., 1992). Therefore, they may be related to early rifting events
of the Equatorial South Atlantic. According to Popoff (1988), the time elapsed

from eo-rift to complete oceanization in the Equatorial Domain was ~20-25 Ma.

In general, the Parnaiba basalt rock types show important mineralogical, chem-
ical and Sr-Nd isotope similarities with the Lower Cretaceous two-pyroxene tholei-
itic flood basalts of the Parana Basin, in the south of Brazil (Bellieni et al., 1990).
The Mosquito basalts correspond chemically to the southern Parana basalts (low
Ti-type), whereas the Sardinha basalts are similar to those of high Ti-type of
northern Parana (De Sousa, 1983, Mantovani et al., 1985).

2.5 Summary and Discussion

The geology of the Parnaiba Basin shows a broad, regional subsidence that ini-
tiated in the Upper Ordovician. Ancient aulacogenic covers have been drilled in
a few boreholes and detected in (unreleased) seismic sections (Gées et al., 1993).
Schematic geological cross sections are shown in Fig. 2.25. They summarize the
geological knowledge about the basin with data gathered from surface mapping,
exploration boreholes, seismic sections, geochemical analysis and the interpreta-
tion of aeromagnetic anomalies. These sections also show the inferred location
of ancient, precursory sedimentary covers. Figure 2.25a shows the approximate
position of the Transbrasiliano Lineament crossing the section and an associated

graben, according to the interpretation by Gées (1993) of the aeromagnetic map.
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Fig. 2.25a  Schematic W-E geological section across the Parnaiba Basin show-
ing the sites of ancient sedimentary covers and magmatism (after Gdes et al.,
1993). i
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Fig. 2.25b  Schematic N-S geological section across the Parnaiba Basin showin§ ;

the sites of ancient sedimentary covers. magmatism and basement highs (after Goes - .
et al., 1993).
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Figure 2.25b shows the truncation that Parnaiba suffered at the opening of the
Equatorial Atlantic Ocean. Most of the Cretaceous sedimentation seems to be the

reflex of isostatic accommodation following the strong erosion suffered during the
thermal uplift.

The ancient, immature sediments found from the southwest up to the northwest
of Parnaiba have been correlated with the Middle-Upper Proterozoic covers of the
Amazon and the Séo Fancisco Cratons. It is possible that this grabenlike structure

is associated with a general NW-SE faulting pattern as seen evident in the early
phases of basinal development.

Strong NE-SW shear zones have been detected by geological mapping, satellite
images, aerophotogrammetry, total intensity magnetic anomalies and, as will be
seen in the Chapter 3, also by the Bouguer anomalies. These crustal discontinuities
are of a polyciclic nature and were noticeably active during the Brasiliano Cycle.
Several examples of sediment accumulation and volcanism have been recognized

in grabens outcropping to the east, the northeast and to southwest of Parnaiba.

The NE-SW structures represent another important fault system affecting the
basement of Parnaiba. These structures and the NW-SE oriented fractures of the

Proterozoic grabens are the underlying tectonic fabric inherited from the Brasiliano

and where the Parnaiba Basin initiated its development.

Several authors have discussed the possible break-up of a supercontinent in Up-
per Proterozoic time. The surviving record of early Palaeozoic sediments implies
that by the Lower Cambrian the total length of passive margins was considerable,
and a major widespread episode or episodes of rifting had occurred (Lindsay et
al., 1987; Lindsay, 1991; Klein & Hsui, 1987; Klein, 1991; Hartley & Allen, 1994).
There is, however, some uncertainty in the precise timing of this break-up, with
some workers suggesting that it occurred between 850 and 560 Ma (e.g. Piper,
1983) and others positioning it as 625-555 Ma (e.g. Bond et al., 1984).

In Brazil, Cordani et al. (1984) and De Brito Neves et al. (1984, 1990) have
called attention to the importance of tectonic rejuvenation of older structures,

mainly at the latest phases of the Brasiliano Cycle, and their relationship to the
subsequent Phanerozoic basins.
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The main targets for oil exploration in the Parnaiba Basin are the Palaeozoic
sandstones of Ipu, Itaim, Cabecas and Piaui Formations as well as the shales
interbedded with sandstones of the Pimenteiras Formation (Petri & Fulfaro, 1983;
Cunha, 1986; Gdes et al., 1993). All exploration oil and gas wells drilled in this
basin have been classified by PETROBRAS as dry. Only three of them showed
evidence of oil and gas during formation tests (Figs. 2.13 and 2.25):

o Well 2-CP-1-MA. Gas was found in fractured diabases intruding the Pimenteiras

Formation and in sandstones of the Itaim Formation;

e Well 1-TB-2-MA. Up to 6 m .of oil-soaked sandstone samples of the top of

Cabecas Formation were recovered. Formation tests also produced water with

oil traces; and

o Well 1-FL-1-MA. Gas and water were found in sandstones of the Ipu Formation

with gas burning during reverse circulation.

The basinal stratigraphy of Parnaiba is reasonably well known. Source and

reservoir rocks have been recognized but the basin is still classified as virtually
unknown regarding oil traps.

The main mineral deposits in the Parnaiba Basin include alluvional gold and
diamonds derived from the sandstones of the Serra Grande Group. Precious stones
are explored to the northeast of Parnaiba, mostly associated to the Lower Palaeo-

zoic magmatism present in outcropping grabens.
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CHAPTER 3

GRAVITY DATA

3.1 Previous Gravity Data

The Parnaiba Basin is the least known of all Brazilian Palaecozoic basins and
most of the geophysical data collection work in the area has been done by PETRO-
BRAS as part of their oil-exploration activities in the basin. This company is

responsible for the largest gravity, aeromagnetic and exploratory boreholes data

bases and is the only reference for seismic sections.

Besides PETROBRAS, other Institutions which have gathered geophysical data
in selected parts of the basin are: the CPRM (geological mapping/gravity /ground-
water exploration boreholes); the Instituto Brasileiro de Geografia e Estatistica-
IBGE (gravity/geometric levelling); the Instituto de Pesquisas Tecnoldgicas [Tech-
nological Research Institute]-IPT (geothermics); the Brazilian government owned
holding Empresas Nucleares Brasileiras [Brazilian Nuclear Companies]-NUCLE-
BRAS (aeromagnetism/aerogammaspectrometry), the Observatério Nacional-ON

(gravity /magnetotelluric) and the Universidade Federal do Para-UFPa (gravity/
geological mapping).

The present study of the Parnaiba Basin covers a 12° by 12° square with the
SW corner at (12°S, 50°W) and NE corner at (0°, 38°W).

There are 9,658 PETROBRAS gravity stations used in this study, these being a
sub-set of their original 78,746 station data base. The sampling procedure used did
not cause any loss of quality in the distribution of the gravity stations and simply
reduced their number to a more tractable data set, compatible with the regional
interpretation sought after. The PETROBRAS gravity measurements were made

with a Worden gravimeter and were originally tied to the Potsdam 1930 datum
through Woollard base stations in Brazil (Fachetti, 1961; Woollard et al., 1954).

Gravity stations established by CPRM, IBGE and UFPa are tied to the Brazil-
ian Gravity Reference Network-BGRN which has been referred either to the IGSN
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71 or to the Absolute Gravity Stations Network established in Brazil. These Insti-
tutions used only LaCoste & Romberg gravimeters for their measurements. There
are 1,892 stations established by CPRM, 2,702 by IBGE and 1,162 by UFPa,

bringing the total number of already existing gravity stations over the selected
area to 15,414.

Fig. 3.1 shows the distribution of gravity stations. Although the total number is
reasonable, its distribution is inadequate, clearly showing the aligned random and
aligned stratified random patterns usually seen in land gravity surveys (Eckstein,

1989). These patterns usually occur because land gravity surveys tend to avoid
regions with steeper relief.

The altimetric control of the gravity stations was given by:

e geometrical levelling on IBGE gravity stations which are coincident with bench

marks of the Brazilian Levelling Reference Network. The reported error is
better than 0.01 m;

e trigonometric levelling on PETROBRAS gravity stations with a reported error
(Fachetti, 1961) better than 2.0 m; and

e barometric levelling on CPRM and UFPa stations located on roads devoid of

bench marks. Height values of these stations are accurate to +5 m.

The positioning of all gravity stations has been done on 1:100,000 or 1:250,000
scale maps.

3.1.1 Data Reduction

All gravity values have been referred to the International Gravity Standardiza-
tion Net 1971-IGSN 71 (Morelli, 1972). The PETROBRAS measurements were

made consistent with the IGSN 71 by adding a constant value of -15.0 mGal* as
proposed by De Sa & Blitzkow (1986).

* The present thesis adheres to SI units. Nevertheless, for the sake of tradition,

the mGal was adopted in the text with the known equivalence 1 mGal = 10~%m
-2
s”<.
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Fig. 3.1 Previous gravity stations (15,414) over the Parnaiba Basin and ad-

jacent geological provinces. Data sources: PETROBRAS (9,658), IBGE (2,702),
CPRM (1,892) and UFPa (1,162). Conic projection.



The latitude correction was carried out using the 1967 International Gravity
Formula. Given the latitude range of the study area and a maximum error in the

positioning of 200 m, an accuracy better than 0.1 mGal can be expected for the
latitude correction.

The main error source in gravity reductions is usually the uncertainty in alti-
tude. The free-air correction was computed using a vertical gradient of -0.3086
mGal m~!. Considering the worst case of a height uncertainty of 8 m and taking
2,670 kg m™3 as a representative density of upper crustal rocks, the error in the
combined elevation correction can be as much as +1.6 mGal. Whilst the error due
to the uncertainty in altitude can be regardered as random, an incorrect choice
of the density value for the Bouguer correction introduces a systematic error (Us-
sami, 1986). A correlation between Bouguer anomalies and shorter wavelength
topographic features may be observed in regions of significant topographic varia-
tion. Since the average altitude in the Parnaiba Basin is about 200 m, an error of

450 kg m™3 in the Bouguer density introduces a systematic error of 0.42 or -0.42
mGal.

Bouguer anomalies computed by PETROBRAS for their stations used a density
value of 2,200 kg m~3. Similarly, CPRM computed Bouguer anomalies employing
a density value of 2,600 kg m~3. Since these densities seemed to be too low to be
representative of the basement rocks beneath the basin, a more appropriate density
value was used instead. The chosen value was 2,670 kg m~3, the standard Bouguer
density, since this is a well known average crust density over large continental
areas, allowing direct comparison of gravity anomalies found in Parnaiba with
those found elsewhere. The chosen value is compatible with density measurements
on 158 crystalline rocks of the adjacent Sdo Francisco Craton. Ussami & Padilha
(1982) reported a mean value of 2,710 + 60 kg m~3, similar to the value obtained
by Gibb (1968) for the Canadian Shield rocks. This density value characterizes
an upper crust of granodioritic to dioritic composition and samples of these rocks
have already been drilled in the basement of the Parnaiba Basin (see Fig. 2.10).

Terrain corrections were not applied to the Bouguer anomalies, given the usual
modest topography of the Parnaiba Basin. Fachetti (1961) computed terrain cor-

rections for PETROBRAS stations yielding a maximum value of 0.51 mGal to the
east border of Parnaiba, where the roughest relief is found.
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To summarize, the maximum random error in the Bouguer anomalies is 1.0

mGal for stations with barometric heights and the maximum systematic error
does not exceed 0.5 mGal.

3.2 Fieldwork Data

Since the available gravity data distribution was not adequate for quantitative
interpretation, it was necessary to do fieldwork in those areas devoid of or with
very little data. Several campaigns were directed mainly to the west, southwest
and southeast basin borders. Land surveys were carried out using 1 or 2 LaCoste
& Romberg gravimeter(s), 5 American Paulin or 4 Thommen precision altimeters
for measuring heights at gravity stations and 2 other sets of Wallace & Tiernen
precision altimeters, for the dual base or “hi-lo” method (Hodgson, 1979). Each
set included 3 W & T barometers. Gravimeter readings were taken preferably
on bench marks at an average distance of 3 km. When barometric levelling was
needed, gravimeter/barometer readings were taken every 5 km between departure
and arrival bases, the distance between bases being 50-60 km. Base sites were

always bench marks and air-pressure readings were taken every 10 minutes.

Computer code had to be written for appropriate gravity and topography field
data reduction. Barometric heights of the gravity stations were computed by sub-
tracting the diurnal pressure variation recorded at bases A and B, separated by
distance d, from the mean barometric reading at a given gravity station. The cor-
rection for the diurnal pressure variation was obtained after a linear combination
of the records at both bases with weighting factors given by the distances of the

gravity station (roving altimeters) to the two bases, i.e.

(d—1)DV, +1DVg
d ’

Correction =

where [ is the distance between the roving altimeters and base A and DV, DVp
are the diurnal variation records at bases A and B, respectively. This dual base
method was used to correct for diurnal pressure variation and improve the quality
of height determinations with errors better than 5 m. Occasionally, errors in the
range of 8-10 m were sometimes detected, when height values were computed for a

few bench marks found in a given barometric levelling line. This was probably due
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to sudden equatorial microclimatic changes causing instabilities in the barometric

cells.

Program GRR.FOR (De Sousa & Seixas, 1995) computes gravity values for all
stations measured during a fieldwork session and refers them to the BGRN (IGSN
71). Given the reported (Sevilla et al., 1990) different behaviour of gravimeters
when kept at rest for a period of time (static drift) and when subject to vibrations
of a moving platform (dynamic drift), the algorithm developed corrects the total
instrumental drift through a two-step procedure. Firstly, the static drift (in mGal)
is sequentially removed by taking out those small differences in gravity readings
at the same station with the gravimeter not being transported (usually overnight
measurements). Secondly, after filtering out the static drift and the corresponding
rest periods of the gravimeter, the dynamic drift is accounted for by computing
ratios (in mGal h™!) given by differences in gravity readings at the same station
and the time interval between them. Each ratio is associated to the mean time
of the readings and this procedure allows sampling the temporal behaviour of the
meter, including possible non-linearities in the drift (Pennybaker, 1988). After
ordering these ratios in time and performing linear interpolation between them,
numerical integration from ¢ = 0 (the beginning of the campaign) to t = tp14;
(end of the campaign) produces the drift correction plus noise. Given the known
long-term stability of gravimeters, a low-pass filter applied to the time-integrated
curve is able to remove the noise caused by operational errors. The smoothed
curve in time obtained from t = 0 to the time of the gravity observation produces

the amount of dynamic drift correction to be added to that reading.

A total of 2,060 new gravity stations were established in the study area, wher-

ever access was possible, and their distribution is shown in Fig. 3.2. Several

data gaps persist in the gravity coverage because access was beyond the logistic
capabilities of the surveys.

The new gravity stations also had their gravity anomalies computed using the
International Gravity Formula 1967; the normal gravity gradient of -0.3086 mGal
m~! and an average upper crust density of 2,670 kg m~3. Likewise, the maximum

systematic error did not exceed 1.0 mGal and the maximum random errors were
2.0 mGal.
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Parnaiba Basin. Conic projection.



3.3 The LC & R 61 Gravity Network

An agreement with the Departamento de Geofisica of the Observatério Nacional
in Rio de Janeiro not only granted partial funding of necessary fieldwork but also
allowed the release of gravity stations already measured in the selected area -
provided their whole data set (4,090 LaCoste & Romberg measurements on 1,484
stations and 7,258 Worden measurements on 1,635 stations) covering a large area
of the Brazilian territory - was adequately reduced and referred to a modern datum.
These gravity measurements were still tied to the Potsdam 1930 datum and a single
absolute gravity value (the Rio de Janeiro station) had been used to derive the
absolute gravity values of all the other stations in the net.

Reduction of part of this data set has been accomplished (De Sousa & Moreira,
1994). There are 660 LC & R gravity stations within the study area (Fig. 3.3)
and all are bench marks (no Worden gravity stations). The LC & R 61 gravity
network is shown in Fig 3.4. All gravity measurements have been adjusted and
referred to the IGSN 71. The criteria employed and the methodology followed

in computing absolute gravity values for all stations forming the polygons of this
large net are discussed in the next sections.

3.3.1 Mathematical Models for Gravimetric Adjustment

The algorithms used for gravity network adjustment are usually based on the
least-squares method (the L, norm), where an economized (Uotila, 1976) math-
ematical structure is sought to compute the maximum likelihood estimators of
physical observables. The mathematical structure relates measured quantities and
functions of some parameters either explicitly or implicitly. For a given set of
n measured quantities the number of © mutually independent parameters is kept
fixed and the structure is said to be economized when u is kept as small as possible.
An adjustment is necessary when n > u and the difference n—u = r is the number
of mutually independent conditions. Strictly speaking, the gravity readings are ac-
tually the available observed (measured) independent quantities while the gravity
intervals are formed by their differences. Although the gravity intervals are not
strictly independent they are usually considered to be the appropriate input data

for gravity adjustment with a diagonal variance-covariance matrix.
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Fig. 3.4 The LaCoste & Romberg 61 gravity network (De Sousa & Moreira,
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The following matrix notation is used in adjustment theory:

Xo = (x0,), approximate values for the parameters which are numerical values

selected before the adjustment;
X. = (zq;), values obtained as results of the adjustment;
Ly = (Iy,), observed values of quantities;

Lo = (lo;), computed values of the observed quantities taking a mathematical

structure as a function of Xp; and

L, = (lg;), adjusted values of the observed quantities.

Using the notation above the following differences can be established:
X =X,—-Xpor X, =Xp+ X, vector X: the corrections vector;

L = Ly — Ly, the discrepancy before the adjustment; and

V = L, — Ly, the vector of residuals.

A mathematical model can be expressed as (Uotila, 1976; Lugnani, 1983):

F(X,,L,) =0, (3.1)
where F = (f;), i = 1,2,...,m is a vector of functions associating the adjusted
parameters X, = (4,), ¢ = 1,2,...,u to the adjusted values for the observables
L, = (ls,), t = 1,2,...,n. The mathematical model can be linear or non-linear

whereas it has to be linearized in order to find its solution.

Considering the linear case when the vector of approximate parameters Xo =
(zg;), ¢ = 1,2,...,u and the vector of observed quantities Ly = (ly;), ¢ =
1,2,...,n, are sufficiently close to X, and L,, respectively, the model described by

Equation 3.1 can be approximated by a Taylor series development around Xy, Ly

and truncated in the linear term,

F(XasLa)=F(X0,Lb)+X(aaF> +V(6F)
Xa Xa=Xo,La=Ly aLa Xa=Xo,La=Ly,

or
AX + BV +W =0, (3.2)
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where

oF

4= (%) g s’
0Xa ) X,=Xo,Lo=Ls
oF

2~ (51.)
OLa ] x\=Xo,Lo=Ls

and

W= F(X01Lb)'

Being m the number of equations in the system, u the number of parameters

and n the number of observations, Equation (3.2) can be written as

mAquI +m BnnVI +m Wl = 01 (33)

which is a consistent system of linear equations with n+4u unknowns and m < n+u
equations to be solved for X and V.

Solution of Equation (3.3) under the least-squares criteria (the Ly norm) is

obtained by including a vector K composed of Lagrange multipliers and minimizing
the function

® =VTPV +2KT(AX + BV + W). (3.4)

Here P is a weight coefficient matrix for the observations. If all observations have

the same precision then P = I (the Identity matrix). Note that when Equation
(3.3) is satisfied the parenthesis in (3.4) is also nulled.

Imposing the usual condition that the derivatives of ® with respect to X and
V should be zero,
ATK =0,

PV +BTK =0,

These relationships can be combined with Equation (3.3), leading to a consistent

set of u + n+m equations with the same number of unknowns that can be written

P BT 0\ [V 0
(B 0 A) (K)+(W)=O, (3.5)
0 AT o) \x 0

making a system of normal equations.
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For small problems this system can be directly solved by inverting the coefficient

hypermatrix. Assuming that no singularities are present for Cayley inversion,

174 P BT o\"'/o0
Kl=|B 0 4 wl.
X 0 AT o 0

This solution is not computationally attractive due to computer storage needs
and processing time - proportional to the cube of the rank of the matrix. The

solution of the system (3.5) is usually sought rewriting it as

NY +U =0,

which can be partitioned as

Nu N 12) (Yl + Ur) _ 0
Na1 Nag Y, U, :
Assuming Np; non-singular, this can be further developed as

Nu1Y: + NioYo + Uy =0,
Nay Yq + NjppYse + U, =0,
= Y1 = —=N;'(Us + Ni2Y2)
resulting in

(N2a — N21 N[ 'Np2)Ya + (Uy = Ny NP ULy) = 0.

The application of the development above to the system of normal equations
(3.4) leads to the solution

X =-[AT(BP'BT) 4 AT(BP'BT)'w
with the following expressions for the matrix of residuals,
V =-P'BT(BP 'BT)"1(AX + W)
and for the variance of unit weight,

L _ VTPV
" (m-v)
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If it is assumed that A = 0 in Equation (3.2) we get the so called method of
condition equations or correlates for the adjustment of observations only, with no
parameters involved. It is desired to find out the best estimates for the observed
(measured) quantities. In the specific case of a gravity network these observables
are the gravity intervals measured between stations and the condition is imposed
that the circulation of the gravity field along any closed path is zero. Condition
equations are usually applied as a preliminary adjustment since they deal only
with actually measured quantities, not being affected by sources of errors external
to the gravity network. This allows having a pure estimate of the quality of
observations avoiding error propagation from other sources. On the other hand,

at least one known absolute gravity value is needed to assign g values to all other

gravity stations.

The corresponding mathematical model Uotila (1976) for the condition equa-

tions is
F(L)=0

and its linearized form can be written as

BV+W =0,

( OoF
OL. )y, -1,

The vector of residuals V, assumed small, should be added to the vector L,
of observed values to get the vector of adjusted observations L,. Then, given an

appropriate weight matrix P for the observations L,

where

B

and W = F(L).

Lo=Ly + V,
with
V = P71BTK,
K=-M"'W, and
M =BP'BT,
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The variance-covariance matrix ¥, for the adjusted observations is
YL, =0iP (I -BTM™'BP™),

where 62 = VTPV/m = —KTW/m and m is the number of condition equations.
The rank of the coeflicient matrix M is given by the number of polygons in the
network. It is much smaller than the number of unknown gravity stations, what

greatly reduces the computing effort when compared either to the implicit or to

the parametric model.

When A # 0 and B = —I we get the parametric or observation equations

method with the corresponding mathematical structure, e.g. Lugnani (1983),
L, = F(X,),

where F is a generically non-linear functional.

The problem is usually linearized by performing a Taylor series expansion
around the approximate values Xp,

AX=L+V

OF
A B (aXa)X¢=X° .

Since F(X,) = Ly + V,F(Xo) = Lo and L = Ly — Ly, the solution can be found
by minimizing the function ® = VTPV in the L, sense. The corrections vector X

and the residuals are then given by

with

X =(ATPA) 1 ATPL,
V=AX-L.

Given the generic non-linear nature of F and the linear approximation taken,
the final solution is found iteratively by establishing,

X! =X, +X'

until convergence is eventually reached.
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After the final set of adjusted values for the parameters is obtained their dis-

persion can be estimated through

VTPV

of =
n—u

with the variance-covariance matrix given by

Tx =o0(ATPA). (3.6)

3.3.2 Adjustment of the LC & R 61 Network to the IGSN 71

The gravity intervals measured with the LC & R 61 were provisionally adjusted
using the condition equations method applied to the 32 polygons defined by the
network in Fig. 3.4. There are 88 gravity intervals defining the polygons and
6 additional intervals tying the network to IGSN stations. Table 3.1 shows the
misclosures for each circuit before the adjustment. The polygons were defined
by node stations which were considered as those gravity stations with at least

three ties to neighbouring stations. This helped diminish the size of the matrices

involved in the problem.

Table 3.1  Polygon misclosures (in mGal).

# Miscl. | # Miscl. # Miscl. | # Miscl.
1 027 9 -.083 |17 -119 |25 -.428
2 056 |10 109 |18 -.018 |26 471
3 057 |11 191 |19 -.096 |27 .065
4 268 |12 - 187 |20 178 | 28 115
5 -.108 |13 076 |21 -.076 |29 142
6 211 |14 205 |22 292 |30 097
7 -.065 |15 -010 |23 098 |31 -.450
8 -.061 |16 015 |24 -.218 | 32 .206

Since the observer was always the same for all measurements and most gravity
intervals of the network had the same number of determinations (and were usually

measured twice), the precision might be considered as the same for all intervals,
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1.e. the weight matrix could be set to the Identity matrix. However, the number
of subintervals between two node stations is quite different, imposing a different
precision to the total gravity interval. As a first approximation the weight matrix
was set to I and an initial variance of unit weight 02 as well the residuals could be

estimated. After that, a diagonal weight matrix was iteratively fitted as
1

... 0
;%- 0
0 L ... 0
P= 032}:: = o} 4’
0 0 ... &
Ogs
with elements o2, ¢ = 0,1,...,88 being recomputed at each step.

The application of the method of correlates produced a variance of unit weight,
o2 = 0.00170916 mGal?, which can be considered as an estimate for the variances
of all conditionally adjusted intervals with an adequate weight matrix. The stan-
dard deviation was found to be 0.041 mGal and this is an estimate of the quality
(precision) of the LC & R 61 measurements. Table 3.2 shows that the largest

residuals are found in intervals #10, 14, 17, 19, 31, 52, 57, 68, 76, 79 and 85 as
result of the iterative least-squares procedure adopted.

Table 3.2 Conditionally adjusted gravity intervals.
Interval Value (mGal) Residual (mGal) Variance (mGal®)
1 -355.434 014 .00092758
2 50.922 012 .00101369
3 466.120 -.026 .00116813
4 -161.607 -.026 00116813
5 -541.357 -.040 .00097063
6 185.923 -.002 .00091915
7 -72.274 -.008 00103331
8 309.119 -.039 .00114285
9 -126.810 -.031 00141423
10 -143.942 -.184 00259616
11 -98.689 -.006 00134254
12 203.050 -.025 00122557
13 94.116 -.031 00141423
14 -37.598 .088 .00186670
15 240.648 -.005 00126946
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Table 3.2 (continued)

Conditionally adjusted gravity intervals.

Interval Value (mGal) Residual (mGal) Variance (mGal?)
16 -63.655 -.013 .00118277
17 -80.465 -.041 .00108205
18 12.509 -.038 .00130815
19 59.928 -.082 .00110612
20 71.682 -.038 .00130815
21 59.928 -.017 .00110612
22 -43.186 .029 .00073607
23 43.186 .032 .00073607
24 -32.158 .028 .00117858
25 -164.276 .038 00103031
26 72.782 .004 .00123516
27 97.684 -.010 00117593
28 -93.272 -.027 .00113267
29 -168.688 -.034 .00115366
30 -123.991 -.003 .00132138
31 -10.424 -.100 .00231861
32 153.299 -.021 .00139192
33 -421.232 .021 .00089427
34 -315.838 -.029 .00097033
35 -105.394 -.026 .00087647
36 -68.904 -.013 00139747
37 -79.171 -.013 .00139747
38 -177.291 -.013 .00139747
39 -72.146 -.013 .00139747
40 65.406 .000 00110706
41 16.269 .003 .00109021
42 -144.010 -.003 00099476
43 54.886 -.009 00102523
44 -69.263 -.013 00115076
45 -9.342 -.006 00107694
46 -137.009 .000 00113010
47 33.313 -.008 00133877
48 -212.005 -.007 00134198
49 54.169 .018 .00103453
50 66.372 -.007 00134198
51 86.966 -.009 00109178
52 -86.966 105 00109178
53 -37.209 -.031 .00088849
54 4.411 -.025 00119254
55 -75.600 039 .00095392
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Table 3.2 (continued)

Conditionally adjusted gravity intervals.

Interval | Value (mGal) | Residual (mGal) | Variance (mGal?)
56 38.391 .006 .00103931
57 -105.268 -.241 .00299181
58 -43.734 .021 .00118701
59 -6.878 .000 00127094
60 80.280 -.033 .00138884
61 -58.890 -.028 .00118800
62 42.240 -.027 00110352
63 -27.083 -.021 .00110191
64 131.386 -.026 .00139202
65 -242.716 -.026 .00139202
66 -52.828 .001 00127615
67 35.866 -.027 .00137579
68 -40.608 423 .00264615
69 -5.846 .006 00132222
70 28.835 -.031 .00137500
71 -205.850 -.019 .00132474
72 136.407 .002 .00132047
73 56.938 -.021 .00132668
74 18.092 -.023 .00122038
75 21.571 -.033 .00136936
76 -95.671 -.141 .00385028
7 -91.197 -.012 .00140938
78 37.956 -.002 .00139608
79 -94.045 -.173 .00348663
80 128.649 .016 .00122939
81 21.444 -.010 .00144098
82 98.225 -.026 .00125498
83 19.631 -.030 .00124855
84 10.792 -.026 .00114837
85 -95.803 416 .00253561
86 115.434 .004 .00144801
87 12.456 .000 00145837
88 -195.275 .000 .00145837

After correcting for misclosures the parametric method was iteratively applied
to the node stations, taking the gravity values for the IGSN 71 stations as fixed.
The IGSN 71 has been used as the source of datum and scale in the present work

and Table 3.3 lists the eleven IGSN 71 stations tied to the LC & R 61 network. A
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difference in scale between the IGSN g values and the previously published (Gama,
1971, 1972, 1973) g values is clearly seen in this table.

Table 3.3 IGSN 71 stations tied to the LC & R 61 network.
IGSN 71 Gravity |Latitude | grgsny m1 gGama |9Gama — JIGSN T1
Station (°South) (mGal) (mGal) (mGal)

32838J Fortaleza -3.73 978067.81 978083.12 15.31
32884J Recife | -8.09 978151.25 978166.58 15.33
36428B Salvador | -12.98 978311.31 978326.57 15.26
36479J Caravelas | -17.63 978511.46 978526.69 15.23
36593J Belo Horizonte | -19.91 978385.50 |Not available Not computed
40100B - Vitéria | -20.31 978641.83 978657.04 15.21
40111J Campos | -21.70 978717.49 978732.58 15.09
40123ARio de Janeiro | -22.90 978789.90 978805.00 15.10
401363 Sao Paulo | -23.56 978627.29 |Not available Not computed
43801B Porto Alegre | -30.04 979305.00 979320.06 15.06
43812B Pelotas | -31.76 979466.63 979481.65 15.02

The functional chosen was
F: K.5g,'j =gi — 9;,

where & is the appropriate linear scale coefficient for the LC & R 61 gravimeter,

8gi; is the adjusted gravity interval and g;,g; are the adjusted absolute gravity
values.

Square and cubic scale coefficients were not included in the mathematical model
due to their possible lack of statistical significance, given the fact that occasional
non-linearities in the apparatus are already considered in the Calibration Table
for the gravimeter (the LaCoste & Romberg Table). Also, according to McConnell
et al. (1972), these non-linearities are undetected unless gravity intervals larger
than 2,000 mGal are measured. Since the largest gravity interval in the network
is 1,398.82 mGal between the IGSN stations of Fortaleza (32838 J) and Pelotas

(43812 B) the use of scale coefficients other than the linear term was thought to
be unnecessary.

42



F O
Vs
o
B
(o]
~ A F
2
I
>
-~
3 0
A ° 0
3 o 0
= 0 F o © 8o 88af° 00w o © ® o®y oo °
g °© o 0% cboo ° o 69°o°&oo®o§°3’o§?6’oo 0
g o
o]
Ee o]
(=]
>
0
8 -1 °
- - (o]
5~
‘m
Q
(2
_ 2 2 n L 2 ] . . L TR | L I 1 s | 1 1
-35 -30 —25 -20 -15 -10 -5
Latitudes (degrees South)
Fig. 3.5 Distribution of the residuals of conditionally adjusted intervals against geographical

latitudes.



Rewriting F' as 6g;; = (¢i — ¢;)/«x and considering that the adjusted values
are not available, the following approximate values were taken: 6g?j given by the
output of the condition equations; ¢?, g(} obtained by transporting the absolute

value of the IGSN station 40123 A (Rio de Janeiro) to all node stations and 1.0
for the linear scale coefficient.

For the present problem the number of parameters was 53 (52 node stations
and 1 scale coefficient) and the number of gravity intervals was 94. Since the
gravity intervals were already properly weighted in the conditional adjustment, the
weight matrix for this step was simply taken as a diagonal matrix with elements
pii =052, i=1,2,...,88 with 052 as given by the correlates. In this second step
the a posterior: variance of unit weight should be close to 1.0. The value actually

found was 0.9326 which can be considered as an indication that the weight matrices

considered were appropriate.

Since the g values for the IGSN 71 stations were kept fixed throughout the
adjustment process, the variance-covariance matrix, as given by the parametric
method, underestimated the dispersions involved. More realistic estimates were
obtained by considering the intrinsic errors in the IGSN 71 stations. The total

standard deviation for the node stations was computed by the expression

Ototal; = (07 +Tgsn 712)/?, (3.7)

where o; is the standard deviation given by the i-th element of the main diagonal
of the variance-covariance matrix Y x, as defined by (3.6), and 7gsn 71 is the

average standard deviation for the eleven IGSN stations tied to the net.

Figure 3.5 shows that the residuals found for the adjusted gravity intervals are
smaller than 0.16 mGal with no systematic dependence on latitude. The apparent
larger dispersions towards the south is due to the much smaller number of polygons
measured with the LC & R 61 in that region (the W 178 was used instead) as
compared to the northeast and east regions. Unfortunately, the LC & R 61 is not

available any more for remeasuring those gravity intervals with poorer results.

The final step in the adjustment procedure was the computation of absolute
gravity values for the internode stations. The parametric method was again applied

but no a priors approximate values were used, with no iterations involved. Each
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time the algorithm was employed, only one side of a polygon was adjusted with
the linear scale coefficient already known. The gravity values for the node stations
were kept fixed and the functional F, as defined above, was used with known
k. The number of parameters varied according to the number of gravity stations
between the nodes with a maximum of 148. Again, a more realistic estimate of
the standard deviation of the gravity values for the internode stations was found
by applying an equation similar to (3.7) with the mean deviation for the two
node stations defining the side of the polygon being considered and o; is given
by the appropriate diagonal element of the matrix £x. Although the matrices
involved in the calculations were sparse no instabilities were found in the Gauss-
Jordan inversion algorithm (Subroutine GAUSSJ, Press et al., 1992) utilized.

The linear scale coefficient for the LC & R 61 compared to the IGSN 71 was found
to be 1.000761 £ 0.000052.

3.3.3 Discussion

The procedures presented above allowed the computation of absolute gravity
values of 1,484 stations distributed over Brazil, including the eastern side of the

Parnaiba Basin. These measurements have been now referred to the IGSN 71 and

the techniques developed are currently being applied to the LC & R 257 and W
178 data sets.

It is also possible to approach the problem of adjusting gravity observations
using the implicit or combined model applying Equation (3.1) directly with a
functional F generically non-linear. However, since three different meters were
used in assembling the old gravity network of the Observatério Nacional, with a
few differences in field methodology, the three-step procedure was taken as the

best way to compare qualitative differences in the data sets.

A quick transformation rule can also be used to convert the old ggama values
into IGSN-compatible ones using the data shown in Table 3.3. Figure 3.6 shows a

best fit regression line (in the L, sense) relating the two scales. The equation for
the straight line is

grgsN 11 = —233.32020 4 1.0002229.9Gama (r2 = 0999995)
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Fig. 3.6  Best-fit regression line (in the L, sense) for the correlation between ggama and grasn 71.



This relationship is in close agreement with the transformation rule proposed by

De Sé & Blitzkow (1986) for converting the Woollard Gravity Network in Brazil
to the IGSN 71. The WGN also conforms to the Potsdam detum and a mean
correction of -15.0 mGal seems to make it consistent with the IGSN 71.

Absolute gravity measurements at seven different sites allowed for the estab-
lishment of a preliminary absolute gravity calibration network in Brazil (Gemael
et al. 1990). These stations have been tied to the Brazilian Gravity Reference
Network and a readjustment of the BGRN, taking the absolute gravity stations as

source of datum and scale has been done, (1. P. Escobar, personal communication,

1993).

Considering that 72 gravity stations of the BGRN are coincident with the LC &
R 61 network, a comparison between their gravity values obtained in the present

work and those adjusted to the absolute datum could be made. A histogram of
the differences found is shown in Fig. 3.7 with mean difference of 0.0 mGal and a
standard deviation of 0.1 mGal. Since the accuracy of the LC & R 61 network is

also of 0.1 mGal it is seen that the gravity values computed are consistent with
the absolute datum at this level of accuracy.

Ebong (1981, 1985), working with the levelling network of Nigeria, concluded
for the apparent superiority of the application of the adjustment methods based
on the minimization of the sum of absolute residuals (the L; norm) instead of
their least squares. The absence of a constraint that the observables follow a
normal distribution would be an advantage with the more intense computational
effort producing more realistic results. That would be particularly true for sets
of measurements involving several sets of equipment and observers, different field
methodologies and surveys spanning several years; a situation similar to the mea-
surements composing the gravity network of the Observatério Nacional. Claerbout
& Muir (1973), Barrodale & Young (1966) and, more specifically, Fuchs (1983),
analyzing the problem of adjustment of large geodesic networks, proposed an al-
gorithm for minimizing the function & = VTPV in the L; sense by turning the
problem equivalent to a linear programming optimization process, solved by the

SIMPLEX method. The viability of using robust statistic techniques to the ad-
justment of gravity networks is planned to be investigated.
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A digital file was created holding all gravity station identification codes, plani-
altimetric coordinates, g values, standard deviations and gravity anomalies. This

file is available upon request on a floppy disk under the IBM-PC format at the
Departamento de Geofisica of the Observatério Nacional.

3.4 Summary

The entire gravity data set used in the present study comprises 18,234 stations

and their distribution is shown in Fig. 3.8. Table 3.4 summarizes all contributing

gravity data sources.

Table 3.4 Sources of gravity data used in this study.
In total: 18,234 gravity stations.

Institution Gravity stations
PETROBRAS 9,658
ON 2,820
IBGE 2,702
CPRM 1,892
UFPa 1,162
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Fig. 3.8 Gravity data set (18,234 stations) used in the present study of the
Parnaiba Basin. Conic projection.



CHAPTER 4

GRAVITY MODELLING

4.1 Topographic and Gravity Anomaly Maps

In order to produce free-air and Bouguer anomaly maps, the gravity stations
were projected onto a plane by transforming their geographical coordinates into
conical coordinates. The Lambert conical projection was chosen so that a direct
comparison of the anomaly maps with the available geological /tectonic maps could
be made. A computer subroutine for the Lambert conical projection was written

and the required mathematical formulae were obtained from Richardus & Adler
(1972). ’

The irregularly distributed data points were interpolated onto a regular grid of
15 x 15 using a two-dimensional interpolation subroutine provided by the graph-
ics library PLOT 88 (Young & Van Woert, 1990). A hand-made 15 -gridded
Bouguer map was used to help choose the best parameters for automatic contour-
ing, avoiding spurious short-wavelength anomalies in regions with poor coverage
and giving accurate contouring where the coverage is good. The first topographic,
free-air and Bouguer anomaly maps for the entire Parnaiba Basin are shown in
Figures 4.1, 4.2 and 4.3, respectively.

The free-air map produced shows more details than the 1°-gridded map for

South America presented by Hinze et al. (1982). A regional gravity low (<-20

mGal, Fig. 4.4) is associated with the Parnaiba Basin.

Examination of the Bouguer map shows a regional gravity low associated with
the Parnaiba Basin and a rapid increase of the Bouguer gravity values towards the

coast. Other conspicuous anomalies are clearly visible in this map (see the overlay
of Fig. 4.3). They are:

e localized gravity lows associated with the sedimentary basins of Tucano, Arari-
pe, Barreirinhas and Séo Luis;

o gravity highs associated with the structural arches of Urbano Santos, Ferrer,

Tocantins and the most prominent of all, the Middle Séo Francisco Arch;
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e the N-S trend of the Araguaia Fold Belt;

The -50 mGal contour line has been emphasized because it shows reasonably

well two trends of NE-SW and NNW-SSE elongated gravity lows associated with

the Transbrasiliano Lineament and the Upper Proterozoic precursory sediments
(Fig. 2.11), respectively.

The relative central gravity high depicts the close presence of the Urbano Santos
and Ferrer basement highs and does not contradict the existence of a remanent,
central cratonic nucleus underneath the basinal strata, as discussed in section 2.3.
This cratonic nucleus subsided during the development of the basin, but as the ad-
jacent areas experienced extension thicker sequences of sediments in them produce
even larger negative anomalies. Moreover, if this area is in-between extensional
events it should be expected to be coincident with the largest lithospheric attenu-

ation. Therefore, the existence of mantle/differentiated crustal rocks closer to the

surface would contribute to the relative gravity high.

The Bouguer map of the Parnaiba Basin is in marked contrast to the corre-
sponding map of the Amazon Basin and shows some similarities to the one of
Parani Basin. Quintas (1995) presents a Bouguer map of Parana where the aver-
age anomalies are ~20 mGal more negative than Parnaiba with recognized crustal
weakness zones showing even more negative (10-20 mGal) anomalies. The average
heights in Parana are ~500 m higher than in Parnaiba and maximum sediment
thickness is just over 5,000 m. The massive Upper Jurassic volcanism in the Parana
Basin, locally reaching up to 2,000 m in the stratigraphic column, produces posi-
tive anomalies, a feature not observed in the Parnaiba Basin. Nunn & Aires (1988)
show a Bouguer map of the Middle Amazon Basin where a chain of gravity highs
(+40-+90 mGal) transects the basin roughly coincident with the axis of maximum
deposition. The positive anomalies are flanked by gravity lows of -40 + 20 mGal
and some short-wavelength anomalies caused by shallow ultrabasic intrusions are

also seen. Up to 7,000 m of Palaeozoic sediments are found along the basin axis.

De Sé et al. (1993) produced gravity anomaly maps for Brazil as a whole (Fig.
4.5). These maps did not include gravity surveys used in the present study and
some areas to the centre, east and south of Parnaiba were reported as incomplete

or empty with 1°-2° resolution. Therefore, it is expected that the specific Parnaiba
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Bouguer gravity anomaly map of Brazil.

Fig. 4.5 Free-air and Bouguer maps of Brazil (De Sa et al., 1993, Figs. 12 and
13). Note the absence of gravity expression for the Transbrasiliano Lineament and

the Upper Proterozoic graben structures. Contour interval: 10 mGal, polyconic
projection.



Fig. 4.6  Residual isostatic gravity anomalies over Brazil (Ussami et al., 1993,
Fig. 11). H is for highs and L for lows. Note the central high H3 bounded by lows
L3 and L4 in the area of the Parnaiba Basin. Numbers apply to anomalies over
major Brazilian tectonic and geological units: (H1/L1) Palaeozoic Amazon Basin;
(H2/L2) Palaeozoic Parana Basin; (H3/L3) Palaeozoic Parnaiba Basin; (H4) east-
ern Parana Basin (Lower Cretaceous crustal underplating?); (L4) coastal Lower
Cretaceous-Tertiary basins; (H5) Proterozoic Borborema Province and northeast-
ern fold belts; (L5) Proterozoic Araguaia Fold Belt and Palaeozoic Parecis-Alto
Xingu Basins; (H6) Archean-Lower Proterozoic high-grade metamorphic basement
within the Amazon and Sao Francisco Cratons; (L6) Middle-Upper Proterozoic
Espinhago Thrust Belt; (L7) Lower Proterozoic granites and acid volcanics; (HS)
Archean Goias Massif; (L8) Middle Proterozoic Uruagi and Upper Proterozoic
Brasilia Fold Belts; and (H9, H10) foreland basins of the Andean System.



Basin section of these maps does not compare well with the ones produced here.
For instance, note that the gravity signatures of the Transbrasiliano Lineament
and the Upper Proterozoic grabens are not seen. Nonetheless, Fig. 4.6 repro-
duces the residual isostatic gravity anomalies contoured by Ussami et al. (1993).

Essentially, a central gravity high surrounded by gravity lows is visible, roughly
matching the present, more detailed Bouguer map.

4.2 Gravity Analysis

Observed gravity anomalies over sedimentary basins can be used to constrain
depths, positions and sizes of loads that cause lithospheric flexure. It is useful to
consider, even qualitatively, the isostatic situation of the lithosphere underneath
the Parnaiba Basin. Isostatic equilibrium for the basin, either through a local or
regional compensation mechanism, should have been largely achieved, since it is

known that the basin stopped subsiding in the Upper Cretaceous. Seismic events
are also known to be very rare within the basin.

In contrast to what should be expected from an Airy-type compensation model
(mean zero anomalies), the free-air map consistently shows negative anomalies
averaging -25 mGal. Therefore, according to a local isostatic equilibrium mecha-
nism, the basin is not compensated. In fact, given the very large dimensions of
this basin, a regional (flexural) compensation model should not produce gravity
anomalies substantially different from a local, Airy-type model, assuming that the
surface topography is the only load acting on the lithosphere.

These observations indicate the inadequacy of a simple local compensation,
crustal thinning model for the Parnaiba Basin.

In order to examine the form of the regional compensation present beneath the
basin, six long radial gravity profiles have been considered (Fig. 4.7). This figure
superimposes the distribution of gravity stations to the Bouguer map, since the

availability of a reasonable number of stations that could be projected onto a given
line, controls the choice of possible azimuths.

Before any gravity anomalies could be calculated, it was necessary to establish

reasonable density values for the various layers assumed in the models.

49



Longitudes (West)

e 4 43 42 a1 40

ynog) sopnine]
(n



Longitudes (West)

45 44 43 42

Fig. 4.7 Radial gravity profiles across the Parnaiba Basin superimposed to the
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A single exploratory borehole (1-PA-01-MA, 4.2°S, 45.7°W, Fig. 2.10) has a
formation density log (FDC) and is the only available source of density vs. depth
information in the basin. Sediments infilling basins gravitationally compact with
depth and time and this process should be taken into account in forward basin
modelling. Cowie & Karner (1990) have already pointed out that the amplitude

of gravity anomalies across extensional basins may primarily reflect compaction of
the sedimentary infill.

It is known that the predominant lithologies are sandstones, with subordinate
shales and siltstones and it was assumed that the depth dependence of the porosity
of these sediments follows the empirical results of Athy (1930),

¢ = ¢0 exp(—cz),

where ¢ is the rock porosity at any depth z, ¢¢ is the surface porosity and c is
a lithology dependent coefficient associated with the rate at which the exponen-
tial decrease of rock porosity varies with depth. This is the sediment compaction
relationship most used in basin modelling. It is difficult, however, to derive equa-

tions for calculating gravity anomalies in the spatial domain using an exponential
depth-dependence for rock porosity.

Alternative relationships include the use of hyperbolic functions in comput-
ing weighted averages of sediment densities, weights being the different formation
thicknesses - the effective density concept of Litinsky (1989). Rao (1986) advo-
cated the use of a quadratic function in depth to approximate measured sediment
density values. The main advantage of both formulations is allowing the compu-
tation of the anomaly equation in closed form in the spatial domain. Analytical

expressions in the wavenumber domain have been obtained by e.g. Xia & Sprowl

(1995).

It can be shown (see Chapter 4 for more details about rock porosity and its
implications for sediment thicknesses varying with depth through geological time)
that the density p(z) of a (homogeneous) sedimentary layer at depth z is

p(z) = Psg — (Psg — Pw)do exp(—c2), (41)
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where p,, is the sea water density (= 1,030 kg m~3), p,, is the density of the dry

sediment matrix grain (= 2,720 kg m™3 for the lithology being considered), ¢o =
0.3140 + 0.0812 and ¢ = 0.6312 km™!.

From Equation (4.1) the density contrast in kg m™3 could be written as

Apaea(z) = 50 — 530.66 exp(—0.6312z), 0< z < 3.65 (4.2)
with the depth z expressed in kilometres.

Several workers e.g. Litinsky (1989), use the infinite-slab anomaly formula,
Ag = 2rGApH, where H is the slab thickness, in practically any gravity modelling
of sedimentary basins. This is somewhat justified since basins’ width (W) to depth
(D) ratios are often large. In most cases, sedimentary basins on platforms have
W/H > 10 and the error in using the slab formula is less than 2.5%. In the
specific case of Parnaiba, W/H = 23, but an even better approximation can be
used. Although the Parnaiba Basin is not a purely cylindrical geological structure,
its approximate ellipsoidal shape suggests that it is advantageous to consider the
use of an axisymmetric 2.5D approach in defining the regional gravity model.
Commercial 2.5D modelling softwares consider the whole basin as a rectangular

block and use a single density contrast for the entire sedimentary infill; therefore
being of little use in this study.

Considering expression (4.2) and the total isopach map of Fig. 2.16, the basin
sediments were regionally modelled by piling up a series of concentric disks centered
on the present depocentre. As the deepest section in the basin reaches just over
3,500 m, the entire sedimentary pack was divided into 72 disks, each 50 m thick.
The radius for each disk was given by a linear interpolation between the nearest
higher and lower isopach values along the profile line. Summation of (4.2) over
the sedimentary section gives an excellent approximation to the sediment gravity
effect and no end-corrections are needed at the basin edges. Nearly continuous

sediment compaction can be taken into account through this approach.

The gravity attraction of a disk has been given by several authors, e.g. Parasnis
(1961); Rao & Radhakrishnamurty, (1966) and Singh (1977). The most appropri-

ate expression is the one given by Singh (1977), where the vertical component of
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Fig. 4.8 Geometry of the problem of gravity atraction of a disk.

gravity is computed in closed form by making use of the complete elliptic function

of first kind, K(k), and Heuman’s Lambda function, Ao (Eason et al., 1955).

Considering the geometry of Fig. 4.8, the expression for the vertical component
of gravity, g., at P(r, 2) is:

g: = 27GApyea Az

where G is the gravitational constant, Ap,.q is the uniform density contrast of the
disk of radius a, thickness Az at depth z and Q' is given by

' Fo(k) 1
22[(a +r)? 4 221/ - §A0(a,/9) +1, a>r
Fo(k) 1
' = - - —
Q - ﬁ 22(4a2+z2)1/2 2’ a=r
- Fo(k) 1
| gy 4P Tt asr
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sin? o = k2,
2
. 2 z
sin“ = —————

B (a—r)?+ 2%’

and

Fo(k) = %K(k).

Heuman’s Lambda function, A¢(a, 8), was computed through appropriate pa-
rameterization of the general and complete elliptic integral and the computer code

written for the gravity modelling makes use of the FORTRAN function CEL
(Press et al., 1992).

The nearest data points within a maximum distance of 30 km from the profile
line were projected onto it and the choice of azimuths was primarily determined
by the availability of a representative amount of gravity stations along the selected
profile. Figure 4.9a shows the observed Bouguer anomalies and the gravity model
for the basin sediments along the East radial profile. The continuous line depicts
the gravity signal produced by the concentric disks model with density contrast
in the range -481 kg m™3 (at the surface) to -3 kg m~3(at a depth of 3,650 m).
The average density contrast is -157 kg m~3. This signal is seen to drop rapidly
outside the basin boundary and although this may be due partially to the pres-
ence of neighbouring outcropping grabens in the adjacent Borborema Province,
a deeper mass deficiency should result in the long-wavelength anomaly. The ob-
served Bouguer anomalies systematically decrease (in the arithmetic sense) from
~-5 to ~-55 mGal for over 200 km towards the basin. A slight increase from ~-
55 to ~-40 mGal towards the depocentre is also observed, despite the continuous
increase in thickness of low density sediments. In Fig. 4.9b the long-wavelength
resultant anomaly, obtained by subtracting the effect of the sediments from the
observed anomalies, has been explained by the replacement of part of the normal
lower crust by differentiated, denser material. It is also necessary to consider the
basinal sag and a fraction of the upper mantle has been replaced by the differenti-
ated, lighter anomalous crust. This anomalous crust was positioned at an average
depth of 35 km, coincident with the Moho interface. Figure 4.9¢ shows that by in-
cluding both effects of the sediments and of the proposed zone of modified crustal

material it is possible, at least on a regional basis, to account for the observed
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Bouguer and free-air gravity anomalies. An average sediment density of 2,513 kg
m™3 is also shown.

Figure 4.10 shows profile Northeast. Again the Bouguer anomalies drop rapidly
towards the basin and a less extensive region of proposed anomalous crust is re-
quired to explain the observed gravity variation. A ~20 mGal amplitude, ~200
km wavelength (not modelled) anomaly is seen to be related to the Urbano Santos
high.

Profile Northwest is shown in Fig. 4.11. An even less extensive region of

anomalous crust is needed to model the resultant anomaly, with the simple 2.5D
model adequately explaining the observed Bouguer and free-air anomalies. A
noteworthy feature in this profile is the central depression of Fig. 4.11a, since this

half-grabenlike structure may indicate small brittle deformation of the lithosphere.

Profile West (Fig. 4.12) shows considerable scatter of observed anomalies caused
by faulting and the presence of exposed/shallow Mesozoic volcanic rocks. Given

the strict geometry and depth range of the 2.5D gravity model in use, the modelled
anomalies do not fit well the observed ones.

Profile Southwest (Fig. 4.13) shows a less pronounced gravity high due to

volcanic rocks with a better agreement between modelled and observed anomalies.

Figure 4.14 shows profile Southeast with some gravity offsets due to faulting
and fractured blocks in the basement. The free-air and Bouguer anomalies may

be reasonably explained by a 2.5D model for the basinal sediments and a region

of differentiated crustal material at lower crust-upper mantle depths.

The 2.5D approach, taking basin sediment compaction into account, allowed
building the first deep crustal structure model for Parnaiba. The gravity profiles
show a regional agreement between observed and computed Bouguer and free-
air anomalies. Naturally, short-wavelength anomalies like volcanic intrusions and

block faulting cannot be modelled under the geometrical restrictions of the 2.5D
axisymmetrical model.
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4.3 Interpretation of Regional, Resultant and Residual Gravity Anoma-
lies

A logical step following the direct gravity modelling of the basin is to try to
confirm the presence of the lens-shaped zone of differentiated, denser material
beneath the Parnafba Basin, by separating the Bouguer anomalies into regional
and residual components. Difficulties can be anticipated due to the more recent
Mesozoic volcanism, basin truncation and the oceanic effect. The gravity signature
observed nowadays is the resultant of the entire tectonism in the area after the crust
and upper mantle have been successively overprinted. However, an estimate of the

regional Bouguer gravity field might help distinguish between crustal/lithospheric
attenuation or thickening.

Since the gravity field is produced usually by the superimposition of overlapping
gravitational effects of many sources, their individual anomalies may be difficult to
isolate. The terms residual and regional are used generally to distinguish between
anomalies from local, near surface masses and those due to larger and commonly
deeper structures. In the case of the Parnaiba Basin the regional gravity field
would be associated with deep sources, for instance at the crust-mantle interface,
related to the isostatic equilibrium process. Sometimes e.g. Fairhead & Okereke

(1987), a variety of methods have to be used in order to determine the regional
component of the gravity field.

There are many methods to separate the regional field from the total gravity
field and Nettleton (1976) groups regional-residual techniques for potential field
data into graphical, spectral and polynomial fitting methods.

1 The graphical method is slow, non-automated and based on the expected smo-

othness of the regional field as well as on the interpreter’s intuition. As a
result of the inherent subjectivity there are several solutions to the separation
problem, a crucial aspect being the interpreter’s experience and ability to take

into account relevant geological information about the regional field (e.g. Gupta
& Ramani, 1980).

Spectral methods take advantage of the known predominance of the low-frequen-
cy spectral content of the regional field to quantitatively estimate its smooth-

ness. They are faster and less subjective than the graphical method obtaining
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the separation through the application of a suitable low-pass filter to the total
field. A complete separation is not attainable due to the overlap of the regional
and residual spectra resulting in signal distortion and noise transmission being
always present. The filtering procedure causes signal distortion when it elimi-
nates part of the signal spectral content. It also causes noise transmission as the
result of the incomplete removal of the noise. Jacobsen (1987) showed that the
use of Wiener filtering can minimize the total effect of these errors. Pawlowski
& Hansen (1990) performed the gravity anomaly separation by Wiener filtering

and incorporating geologic information from the study area to the specification

of the filter’s transfer function.

Polynomial fitting methods apply polynomial surfaces to model the regional
field whose smoothness is controlled by the polynomial order (Zeng, 1989;
Beltrdo et al., 1991). Any attempt to model a complex regional field by a
high-order polynomial will produce an effect similar to noise transmission of
spectral methods. On the other hand, a smooth but irregular regional field

cannot be modelled by a very low-order polynomial due to an effect similar to
signal distortion.

Recently, Beltrao et al. (1991) proposed the use of robust polynomial fitting to
perform the regional-residual separation. It employs a priori information assuming
that isolated gravity anomalies are locally either positive or negative, but not both.
The application of this method to an area in the Borborema Province adjacent to
Parnaiba allowed the removal of the prevailing NE-SW regional trend due to the

- Transbrasiliano Lineament. Local gravity anomalies due to outcropping granulites

were then made visible.

According to Zeng (1989), a stable and unbiased estimate of the regional field
can be obtained by upward continuation of surface gravity anomalies up to heights
where the regional field predominates. Consider fitting (in the L, sense) polyno-
mials

Py(zi,yi) = a0 + a12; + axy; + azz? + agxiyi + ... + akyf

to the function

f(mi’yi)’ t= 1,2,...,L,
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with

1
F=5d+1Dd+D) -1, d=12..,n

The variance o4 is

L
04 = % E[f(xn yi) - Pd(zi,yi)]z

and it can be shown (see proof in the Appendix of Zeng, 1989) that if f(z;,¥y;)
is an nth-order polynomial, in fitting Py(z;,vy;) (d = 1,2,...,n - 1,n,n+1,...)
to f(z;,yi) the variance o4 decreases when d increases in the interval 0 < d < n
and o4 = 0 for d > n. Figure 4.15a shows that the point of discontinuity of the
gradient of the plot of 04 against d yields the degree n of the polynomial.

Since gravity anomalies can be represented by the sum of finite Fourier series,
they can also be represented by a finite polynomial of sufficiently high degree,
because sines and cosines can be expressed as Taylor series. When a set of poly-
nomials Py(z,y) (d = 1,2,...,D) is fitted to the gravity anomalies Ag(z,y), the

point of discontinuity of the gradient of o4 against d allows estimating the optimum
degree d,, as shown in Fig. 4.15b.

Bouguer anomalies, Agp, can be regarded as the superimposition of anomalies
from sources at varying depths

Agp = Ag1 + Aga + ...+ Agy,

with Ag, denoting the contribution from the deepest disturbing mass, Ag, the

next deepest, ... and Ag; being the shallowest. After computing the upwardly

continued anomalies Agg(h,) and Agp(h;) at heights h; and h, respectively, the
degree of the polynomial representing Ag, can be estimated by fitting polynomials
Pi(d=1,2,...,n) to Agp(hy) or Agp(hs).

The optimal height value for the upward continuation can be calculated con-
sidering that at and above this height the regional field is reasonably smooth with
low lateral change rates. Given Agp(h), the upward-continued Bouguer anomaly

at height h, the number of points (Zeng’s extremal points) on the continuation

map with gradient
0Agp\ _ 0
dz,y )
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polynomial degree d for an nth-degree polynomial fn(z,y); (b) Variance o4 against
polynomial degree d for gravity anomaly Ag(z,y) (after Zeng, 1989).



can be counted and this number should be asymptotically constant.

The main deep density boundaries in the study area are the Moho and the
differentiated/lower crust discontinuity. The basinal strata and the sediment infill
of precursory grabens produce less deep discontinuities with upper crust rocks.

Then, ignoring short-wavelength anomalies due to shallow structures, the total
Bouguer anomaly Agp can be approximated by

AgB = AgM + Agcruat + Agacda

where Ag,ed, Agerust and Agas are anomalies due to the sediment infill, the anoma-
lous crust structure and the Moho discontinuity, respectively. The aim is to sep-
arate the anomaly Agp from the total Bouguer anomaly. The sediment infill
constitutes a problem in the process of isolating Agps and its long-wavelength
anomaly must be filtered out. This was accomplished by fitting a seventh-degree
polynomial surface Z7(¢,)), shown in Fig. 4.16, to the digitized total isopach
map. Parameters (¢, )\) are the geographic latitude and longitude and use was
made of the routine SURFACE.FOR (Balch & Thompson, 1989). Depths to the
basement of all data points could then be estimated and the simple Bouguer slab
with a density contrast of Ap = -157 kg m™2 was used to estimate the sediment
gravity component. These rather simple assumptions, although crude for forward
gravity modelling, provide a first approximation to Ag,.qs and, in the process of

upward continuation, the (second-order) deviations are expected to be smoothed.

Considering the simple Bouguer approximation, the gravity component due to
the sediments was computed as

Agsed = 21GApZ1(9, N), (4.3)
with all parameters already defined.

After appropriate gridding the area, the number of extremal points could be
found as those satisfying the inequality:

d0Ags
Oz, y

e

where ¢ is a small non-negative value in mGal km™!. In the present study ¢ was

set to 0.1 mGal km™! and Fig. 4.17 shows the number of Zeng’s extremal points
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against height. It is seen that for heights above 100 km these points tend to be
asymptotically constant.

The coefficients C(k,n) for the upward continuation of the resultant anomalies
were calculated according to the expression given by Baranov (1975, Equation
6.12) and coded in program COEFF.FOR in the Appendix.

1 T
C(k,n) = % /—1 du/0 exp —ah(1 + u?)%afcos(k + nu)a + cos(ku + n)a)de,

where (k,n) = —N,...,0,..., N are the appropriate grid indexes for the continu-

ation coefficients; h is the continuation height and the double integral was solved

by Romberg’s quadrature (Subroutine QROMB, Press et al., 1992)

The whole 12° by 12° square was gridded N-S, E-W with the same interval
of 15 used for constructing the gravity anomaly maps and the continuation fil-
ter was truncated in N = 10 due to data coverage limitations. The summation

}c(,)n=-—10 C(k,n) was kept normalized to 1.0 for the entire range of continuation
heights. In order to minimize border effects the effective area for upward continu-
ation and mapping of the regional field was limited to an 8° by 8° square, centered
at the surface data square. Several computer codes were developed to calculate the
upward continuation coefficients, grid the input surface data, perform the upward

continuation of the Bouguer anomalies and produce a map of the regional Bouguer
field.

The upward-continued Bouguer field at the height of 100 km was modelled
by fitting a polynomial surface with independent variables given by the longitude,
latitude pairs for each grid point. A graph showing the variance versus polynomial
degree is shown in Fig. 4.18. By examining this graph from higher to lower degrees

a break in the curve is seen at degree 4 and, according to Zeng (1989), this break
would define the best-fitting surface for the regional field.

The regional Bouguer map over the Parnaiba Basin is shown in Fig. 4.19. The
long-wavelength anomalies have been interpreted in terms of Moho topography as
a regional thickening of the crust underneath the basin and its rapid attenuation
towards the coast. A thicker crust underneath the Sdo Francisco Craton is also

denoted in the map. The steep E-W gradient seen over the Tucano Basin to the
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SE of Parnaiba was previously detected by Meneses (1990). The present resolution

of the gravity data coverage does not allow a finer estimate of the regional field.

A resultant anomaly map is shown in Fig. 4.20. The resultant anomalies were
produced by removing the sediment gravity component computed through Equa-
tion (4.3) from the Bouguer anomalies. As expected, the gravity signals due to
basement structures are enhanced. The -40 mGal contour line to the east and
northeast of Parnaiba delineates the influence of subsiding structures (grabens
and half-grabens) associated with the Transbrasiliano Lineament. Note this elon-
gated low ignores the basin boundary to the northeast and effectively provides
geophysical evidence of the continuation of prebasinal sediments outcropping in

the Borborema Province deposited and/or reworked during the Brasiliano Cycle.

An even lower gravity anomaly (-50 mGal) to the southwest is associated with
the inferred NNW-SSE grabens. Locally, -60 mGal is mapped and demarcates the
maximum deposition of Upper Proterozoic molassic sequences. Qutside Parnaiba,

the resultant map has no sediment component removed and is identical to the
ordinary Bouguer map.

The viability of inverting gravity anomalies to model depths to the basement
over sedimentary basins with variable density contrast has been discussed by e.g.
Rao (1986) and Rao & Babu (1991). These workers presented very satisfactory
results for small basins like the Sdo Jacinto Graben (North America), Vienna
and Pannonian Basins (Central Europe). This inversion technique has been also
applied with success to the small Camaqué Basin in the south of Brazil (Costa,
1995). Unfortunately, results for the Parnaiba Basin were unsatisfactory and are
related to the very large dimensions of this basin and lack of detailed Bouguer and
regional anomaly maps. Also, in order to get analytical expressions for the gravity
anomalies in the spatial domain, the inversion algorithm makes use of a quadratic
density function to account for the variation of the density contrast with depth

(Thompson & Balch, 1988) and this approximation may contribute to inaccurate
depths to the basement.

A better approach in the present case is inverting the gravity signal in sep-

arate sections linking borehole sites where the basement was actually reached.

Narasimha Rao et al.  (1995) proposed an inversion algorithm based on the
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damped approximate technique which can make use of a priori geologic informa-
tion. Recently, Narasimha Rao et al. (1996) suggested the use of the Hartley
Transform to achieve basement mapping with the additional capability of direc-
tional filtering. Published examples of the successful application of both techniques

are restricted to small regions and the viability of applying them to Parnaiba is
currently being investigated.

The residual anomaly map shown in Fig. 4.21 was produced by removing from
the Bouguer both the regional field and the sediment component. Despite the
limitations in the gravity coverage a positive, central anomaly is clearly visible.
The anomaly pattern is compatible with the existence of differentiated, denser
crustal material closer to the surface at about the basin depocentre. Other pos-
itive anomalies seen to the NW and SW that might be related to the upwelling
of aesthenosphere or partial basaltic melt do not correlate well with the Upper

Proterozoic NNW-SSE deposits. The gravity coverage is poor in this area of the
basin.

4.4 Discussion

The present work introduces the first gravity anomaly maps and the deep crustal
model of the Parnaiba Basin. Although severe limitations in the gravity data cov-
erage are recognized, the areal extent of the Transbrasiliano Lineament and the
NNW-SSE grabens could be assessed. The use of 2.5D gravity models exploring
the near-axisymmetric basin geometry allowed the proposal of the first deep crustal
structure model for Parnaiba. Analysis of gravity data suggests that the Parnaiba
Basin is underlain by a lens-shaped zone of dense material in the lowermost part
of the crust uppermost part of the mantle. Up to ~10 km of the lower continental
crust in this zone seems to be partially replaced/intruded by material interme-
diate in density between normal lower continental crust and upper mantle. This
anomalous, denser zone may result from intrusion/partial replacement of the lower
crust by mantle material, continental underplating (Furlong & Fountain, 1986) or
passive upwelling of partial melt (not aesthenosphere) during rifting and extension
of the lithosphere (Buck & Mutter, 1987). The use of a slightly different density
contrast between normal lower crust and altered crust would change the size but

not the shape of the proposed anomalous crust zone. The lack of a homogeneous
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gravity coverage over the basin and adjacent provinces and uncertainties in the

sediment thickness and effective density preclude more refined, detailed gravity
models to be presented for the time being.

A summary of the gravity model proposed for Parnaiba is shown in Fig. 4.22.
Although not unique, this model satisfies both the observed Bouguer and free-
air anomalies thus providing a good crustal structure model and illustrating the
isostatic condition of the basin. The proposed deep crustal model compensates
the surface topography and the sedimentary load by flexural downwarp of up to
13.5 km of anomalous crust. It is possible that the topography observed at the
flanks of the basin is partially created by this flexural downwarp.

Gravity studies of other areas where the continental lithosphere underwent ex-

tensional tectonics indicated simple crustal thinning e.g. the North Sea Basin,

Donato & Tully, 1981. Fairhead et al. (1991) were able to produce a gravity

model for the Mamfe Basin in West Africa, predicting simple crustal thinning,
although a rather low (Ap = 170 kg m™?) crust/mantle density contrast had
to be used. Also, Mamfe is about 100 km wide and local equilibrium is a valid
assumption in this case. Thick continental crust intruded by denser material at
depth has been reported by Halls (1982) and Mooney et al. (1983) regarding the
midcontinent gravity high and the Mississippi Embayment in North America.

In Brazil, Nunn & Aires (1988) proposed the existence of an elongated, riftlike
zone of dense (3,000 kg m %) material, up to 45 km in thickness beneath the Middle
Amazon Basin, not necessarily below the basin axis. Molina et al. (1989) pointed
out the need in gravity analysis to take into account not only the Bouguer evidence
but also the isostatic condition using the free-air anomalies. Their gravity study
of the northern Parana Basin, where intense Mesozoic volcanism occurred, led to
the proposal of a crustal underplating situation with the lowermost crust being
contaminated by mantle material. Hurter & Pollack (1995) further considered
this underplate model in their assessment of the temperature history and surface
heat flow of the Parana Basin. They showed that the thermal disturbance in the
sediments caused by the cooling of sill-like bodies and extrusive basalts lasts for
less than 1 Myr and temperatures above 100°C cannot be locally maintained for
over than 200 kyr. Effects on basin temperatures and heat flow due to a large

underplate reach a maximum of ~10°C and 5 mW m~2, respectively, at about 10
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Myr after the underplating event. The basin thermal state returns to undisturbed
values within 80 Myr.

The Mesozoic volcanism in Parnaiba was much less massive than what occurred
in the Parana Basin. The few temperature gradient estimates in Parnaiba led to
a tentative (Gobes et al., 1993) NE-SW trend in the range 15-25°C km™!. This
tentative trend roughly correlates with the Transbrasiliano Lineament but not
with the volcanic outcrops. The average heat flow in Parnaibais 62 + 14 mW
m~? (Hamza & Muifioz, 1996), in close agreement with values usually obtained
in Palaeozoic basins. It is worth noticing that the magmatism in Parnaiba was
followed by small sedimentation (less than 300 m, not including the Itapecuru
Fm.). No significant thermal subsidence resulted from the large thermal anomaly
present beneath the basin which led to complete oceanization in the neighbouring
NE coast. A mechanism suggested by McKenzie (1984) as able to hamper thermal
subsidence after extension is to increase the crustal volume by intrusion of magma

in the lower crust. Epeirogenic uplift in plateaus which underwent extension fol-

lowed by flood basalt volcanism might be explained in this way.
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CHAPTER 5

GEOHISTORY ANALYSIS

5.1 Borehole Data

The borehole data set used in the present study of geohistory of the Parnaiba
Basin was released by PETROBRAS. Stratigraphic information, including thick-
nesses of drilled layers, of 22 boreholes which reached the metamorphic or sedimen-
tary basement of Parnaiba was used to assess the tectonic subsidence pattern in
the basin. The distribution of boreholes is shown in Fig. 5.1. As previously men-
tioned, a single well in the basin (1-PA-01-MA, 4.2°S, 45.7°W) provides density
vs. depth information derived from a FDC log, as shown in Table 5.1.

Table 5.1 Input parameters for backstripping well
1-PA-01-MA. Source: PETROBRAS S.A.

Stratigraphic Top Thickness Density Absolute Age
Unit (km) (km) (kg m~?) (Ma)
Itapecuru -0.093 0.312 2,200 100
Codé 0.219 0.095 2,234 110
Grajan 0.314 0.091 2,254 115
Pastos Bons 0.405 0.056 2,362 170
Motuca 0.461 0.056 2,362 245
Pedra de Fogo 0.681 0.243 2,390 255
Piaui 0.881 0.384 2,467 290
Poti 1.174 0.371 2,496 350
Longa 1.459 0.069 2,508 360
Cabecas 1.528 0.261 2,548 365
Pimenteiras 1.622 0.359 2,590 370
Itaim 2.148 0.098 2,595 380
Jaicds 2.298 0.210 2,473 410
Tiangua 2.456 0.131 2,665 420
Ipu 2.587 0.159 2,463 435
Basement 2.746 0.023* 2,544 445

(* - drilled thickness)
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The main uncertainties in this data set are due to:
e sediment heterogeneity either laterally or with depth; and

e lack of a better, more detailed chronostratigraphic chart.

Samples of the drilled sediments were not made available for this study. The

chrono-lithostratigraphic data gathered were used to reconstruct the depths to the
basement through geological time.

5.1.1 Erosion Estimates

Uncomformities in the basin have been dated. Erosional intervals have been
recognized in the periods ~100 Ma to the present time, ~155-140 Ma, ~184-
180 Ma, ~245-215 Ma, ~350-310 Ma and ~410-385 Ma. A total erosional (non-
depositional) period of ~214 Myr may have regionally affected Parnaiba. Erosion
is certainly a fundamental process in the production of sediments and how they are
deposited in an evolving sedimentary basin. Erosional effects should be estimated
if one wants to predict basin development. Yet quantifying erosion is extremely

difficult, mainly due to the lack of suitable observable constraints (Karner, 1993).

The simplest model of erosion directly relates the erosion rate to the height of

topography, iE
—E a4 keE ,

where k. ! is the erosion time constant, E is the elevation and (dE/dt) is its rate

of change. For an initial elevation Ey, the predicted erosion is then
E = Eyexp(k't).

Certainly k. < 0 but choosing the correct k. is problematical, with reported litera-
ture values e.g. Stephenson (1984), being in the range 50-100 Myr. The very small
erosion rates cause asymmetry in the predicted stratigraphy of basins; whereas sed-
iment deposition often keeps pace with subsidence, erosion of the flexural outer
bulges and basin sediments, when the sea level falls, does not. Reasonable, on
first thought, this simple model simply does not agree with topographic features

ranging in scale from mesas to the Tibetan Plateau. Sediments are currently being
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deposited in the interior of the Tibetan Plateau, which is at a mean elevation of
5,000 metres.

More sophisticated denudation models, with particular interest to the studies
of erosion of topographic forms like mountains, is the diffusive model. According

to this model, erosion diffuses outwards with time, like heat, and the topographic

form is proportional to the curvature of the topography.

Simple erosion estimates e.g. Steckler & Watts (1978), state that the eroded
column in a basin is at least 10% of the remaining sedimentary column. Then, for
a sediment thickness of 3,000 meters at a given borehole in Parnaiba, an erosional
rate of 1.40 m Myr~! could be associated with that particular site. Certainly,

erosion is not constant through geologic time and asymmetry should be expected
in erosional rates affecting such a large basin. Nonetheless, this preliminary ap-

proximation can be used when no other information is available.

5.2 The Backstripping Technique

The stratigraphic record of a sedimentary basin witnesses the effect of com-
paction of sediments through time. Geohistory analysis aims at producing a curve
for the subsidence and sediment accumulation rates through time. This quantita-

tive analysis requires three corrections to the present-day stratigraphic thicknesses

(Allen & Allen, 1990):

1 Decompaction of sediments, since observed compacted thicknesses must be cor-

rected to account for the progressive loss of rock porosity with depth of burial;

2 Palaeobathymetry, the water depth at the time of deposition determines its

position relative to a datum, e.g. the present-day sea level; and

3 Absolute sea level fluctuations, changes in the palacosea level relative to today’s
may be needed.

The application of these corrections allows comparisons among boreholes in the
sedimentary basin and the resulting subsidence curves can indicate the nature of

the driving force responsible for basin formation and development.
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The addition of a sediment load to a sedimentary basin causes additional subsi-

dence of the basement as a simple consequence of replacing sea water by sediment.

The total subsidence can then be separated into:
1 the tectonic driving force; and

2 the sediment load.

This partitioning depends on the nature of the lithospheric response to the
applied load. The simplest and most commonly used approach is the assumption
that the lithosphere has no lateral strength and the load is supported locally (Airy
isostasy). Alternatively, if the lithosphere is able to transmit stresses and deforma-
tions, then the same load will produce a smaller subsidence on a lithosphere that
deforms by regional flexure. The technique of removing the effects of the sediment
load from the total subsidence is called backstripping and backstripped subsidence
curves are useful in investigating basin-forming mechanisms. The backstripping
technique was applied to 22 boreholes in the Parnaiba basin in order to assess the
mechanism driving subsidence. Assuming that the stratigraphic record is the re-
sult of extensional processes, lithospheric stretching models can be tested to check

the consistency of the deep crustal model derived for Parnaiba from the gravity
studies shown in Chapter 4.

The decompaction of a stratigraphic unit seeks to remove the progressive ef-
fects of rock volume changes with time and depth. It requires the knowledge of
the variation of rock porosity with depth. Estimates of porosity from borehole
logs e.g. Athy (1930), suggest that normally pressured sediments, in particular

micaceous/clastic sandstones and chalks exhibit an exponential relationship of the
form given by

¢ = ¢o exp(—cz), (5.1)

where ¢ is the rock porosity at any depth z, ¢, is the surface porosity and ¢ is a

lithology dependent coefficient associated with the rate of exponential decrease of
rock porosity with depth.

In normally pressured sediments it is assumed that the pore fluids are at a pres-

sure equivalent to a hydrostatic column and the grain-grain contacts are supporting
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the formation. Overpressuring occurs when porefluids trapped in the formation in-
hibit compaction. Overpressured stratigraphic units cause strong deviations from
the expected porosity-depth curve. Given at least one density log for a represen-
tative borehole in the basin, the parameters ¢y and ¢ can be estimated and used

to calculate the thickness of sedimentary layers at any time in the past.

Figure 5.2 shows the graph of the estimated porosity versus depth for borehole
1-PA-01-MA assuming an exponential dependence as in Equation 4.1. A resistant
regression is also shown and the observed scatter has been interpreted as being due
to possible overpressuring sections in the well and /or discrepancies in the assumed

lithology (shaley sandstones). Results obtained for the porosity parameters were

¢o = 0.3140 £ 0.0812 and ¢ =0.6312km™".

The computation of decompacted thicknesses is briefly described in Sclater &
Christie (1980) and Allen & Allen (1990). Essentially, each sediment layer has
been moved up the appropriate porosity-depth curve, being equivalent to sequen-
tially removing overlaying layers and allowing the stratigraphic unit of interest to
decompact. This process keeps mass constant and considers volume changes and
therefore thicknesses. The compaction process is assumed to be one-dimensional
(1D) in the discussion below. The effects of geothermal gradients and diage-
netic processes are omitted. A more detailed mathematical model for sediment
compaction including constitutive laws (mainly for argillaceous sediments) for the

solid and fluid phases can be found in e.g. Audet & McKonell (1992).

Consider a sediment layer between present depths z; and z; which is to be
moved vertically to new shallower depths 2] and z} (Fig. 5.3). Taking into account

Equation (5.1) the volume of water V,, present in a column of unit cross-sectional

area is 2
Vo = $o exp(—cz)dz
2
o

= T[exp(—-czl) — exp(—czp)].
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Fig. 5.3 When unit B is analytically removed from the section, bringing unit

A from depth and decompacting it, the thickness of A increases according to its
lithological porosity.

Since the total volume of the unit column, V4,4, is equal to the volume of

water plus the volume of the sediment grains, V,,. the height of the sediment
grain column z,, becomes

Vag = Vw+ag - Vo
bo
= 249 = 23— 21 — -;-[exp(—cz;) — exp(—cz23)).
When sediments are removed from above, the sediment in the column absorbs

water and expands, although the actual volume of sediment grains remains con-

stant. The height of water 2z}, in the column with unit cross-sectional area lying
between depths 2] and z; is given by

¢
2y = —lexp(~cz}) ~ exp(—cz))]
with the total height of the sediment column 2) — z] being given by
Z; - Z; = 249 + z:p (5.2)

0
=29 — 2 — —c—[exp(--czl) — exp(—czy) — exp(—cz;) + exp(—czy)).
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As parameters ¢ and ¢o are already known and z; and 2; define the present
layer thickness, the difference z), — 2] can be evaluated because z| is the bottom of
the previous layer. After working down the sedimentary column and calculating

2}, zh can be estimated by numerical methods.

Consider, for example, the case when all sedimentary units except the first have
been removed, with the top of this layer being brought up to sea level i.e. z] = 0.
Then, Equation (5.2) becomes

zh — 29 + 21 + %()-[exp(—czl) + exp(—czy) —exp(—cz) — 1} =0  (5.3)

with all parameters, but z3, known. This transcendental equation can be solved

by e.g. Newton’s Method (Demidovich & Maron, 1976), which allows calculating
roots of equations of the form

f(z) = 0.

The roots are found iteratively and for the jth-iteration,
Zj = ZJ'._

where the prime denotes the derivative (df /dz). It can be shown that convergence

is assured provided that, for z > 0,
o f"(z) does not change sign; and
o f(2)f"(z)>0.

Equation (5.3) fulfills both conditions and the algorithm can be readily im-
plemented as a computer program. The application of Equations (5.2) and (5.3)
allows the calculation of the thickness of a sediment layer since its time of deposi-
tion to the present-day. Therefore, a decompacted subsidence curve can be plotted
using the boundaries of stratigraphical units as input data with known absolute

ages and their present-day thicknesses. As outlined above, it must be noted that
all depths are relative to the present-day mean sea level.

Further refinements include the application of palaeobathymetric and eustatic
corrections. The palaeobathymetric correction to the decompacted subsidence

curve considers the difference in height between the depositional surface and the
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regional datum. The eustatic correction accounts for variations in the ambient sea

level compared to today’s.

Differences in the initial and ensuing palaeobathymetric conditions in a sed-
imentary basin can change the stratigraphy dramatically. Intracratonic basins,
however, are known to develop in neritic environments with usually shallow ma-
rine conditions. In the case of Parnaiba, except for a brief period in the Devo-

nian when an open-sea environment prevailed, its development occurred in the

restricted marine conditions of an epicontinental sea.

The eustatic correction is due to global sea level fluctuations and, as pointed out
by Allen & Allen (1990), it is hazardous to apply. The precise significance of the
first-, second- and third- order cycles of Vail et al. (1977) and the short- and long-
term curves of Haq et al. (1987) are not well understood. The first-order cycle
should be related to volume changes in the ocean ridge system and the effects
of glaciations/deglaciations. However, the figures involved are debatable and a
simple transferral from the Vail/Haq curves is not recommended. Given the mostly
shallow depositional environment of Parnaiba, often tidal in range, water depths
variations can be largely ignored. Eustatic sea level effects are almost impossible
to distinguish from basin dynamics. Sea level changes seem to be relatively small
(< 10%) than the observed subsidence and can probably be disregarded on the
assumption that their effects are minimal and synchronous throughout the basinal

region. Subsidence was normalized so that all depths were set to zero at 445 Ma.
Having computed z{ and 2}, the mean porosity ¢ of the decompacted layer is

3= 6o exp(—cz}) — exp(—cz;)
c 24 — 2§

.

This expression can then be used to calculate the density p, of the decompacted
layer,

Ps = q;pw + (1 - q;)pag

and the mean sediment density p, for the total column is

- Zi[q;ipw + (1 - q;i)pag.-]Azz
Ps = S ’

where S is the total thickness of the column corrected for compaction and Az! is
the individual layer thickness.
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Fig. 5.4 Depth of a water-filled basin Z compared with the depth S due to
isostatic subsidence when the basin is filled with sediments. The crust is not shown

because its thickness is assumed to remain constant.

The final step is to evaluate the true tectonic subsidence, since it is known that
the sediment load acts as an excess weight causing further subsidence. Considering

the geometry of Fig. 5.4 the depth to basement Z can be corrected for the loading
due to the sediments by
Z=25 (P"‘_‘p_')
Pm — Pw

where py, is the density of mantle. After applying all corrections the true tectonic
subsidence can then be obtained as

Pm — Ps Pw
2=os(22E) ae (2 )|, G
Pm — Puw St Pm = Pw (We st) (54)
where Agy, is the palacosea level relative to the present datum; W, is the palae-

owater depth; and ® is the basement function equal to unity for Airy isostasy.

The basement function ® varies from 0 to 1 according to the degree of com-

pensation of the load imposed by the sediments on the lithosphere. Turcotte

2



[

I T T T T O
0 1 2

1
—L g(pm —pc) /4
2n D

Fig. 5.5 Dependence of the degree of compensation, C, on the non-dimensional

wavelength of periodic (sinusoidal) topography (after Turcotte & Schubert, 1982).
Parameters as defined in the text.

& Schubert (1982) discuss the case of a periodic (sinusoidal) load with a corre-

sponding periodic lithospheric response and the degree of flexural loading can be
predicted by the compensation coefficient C given by

C= Pm — Pec

D [2x\*’ (55)
Pm = Pc + — (—")
g\ A

with all parameters as already defined, except D, the effective flexural ridigity of
the lithosphere, g, the (mean) gravity value and A, the wavelength of the load.

The dependence of the compensation coefficient C on the non-dimensional wave-
length of periodic (sinusoidal) topography is shown in Fig. 5.5. For a lithosphere
with elastic thickness 25 km, Poisson’s ratio 0.25, Young's modulus 70 GPa, pm
= 3,300 kg m~2 and p, = 2,800 kg m~3, the topography is 50% compensated (C
= 0.5) if its wavelength is A = 420 km. Topography with a wavelength shorter
than this is substantially supported by the ridigity of the lithosphere; topography
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with a longer wavelength is only weakly supported. Considering a sinusoidal load,

therefore, ® in Equation (5.4) can be replaced by the compensation coefficient C.

The backstripping curves for well 1-PA-01-MA are shown in Fig. 5.6. The lower
curve shows the depths to the basement taking into account the decompacted
sedimentary load while for the upper curve this load has been removed and the
“true” tectonic subsidence is shown. Notice that a local equilibrium model (Airy)
was used to compute the backstripping curves. This is justified due to the large
dimensions of the Parnaiba Basin. Considering expression (5.5) and typical values
as D =102* N m, (pm — ps) = 800 kg m™3 and \/2 = 400 km we get C = 0.91
for the compensation coefficient. This means that the whole basin is only weakly
supported by the underlying lithosphere with Airy-type isostasy being approached.
It is true that C depends strongly on D; for instance for D = 10*®* N m we get C =
0.51 with a clear flexural behaviour of the lithosphere. However, such an extreme

high D value is unlikely to have ever occurred in the tectonic regime of Parnaiba.

A FORTRAN program (STRIPP.FOR) was written to systematically ap-
ply the backstripping technique to the PETROBRAS boreholes. Erosional (non-
depositional) gaps which affected the whole basin as well as intrusions of volcanics
in the stratigraphic column have been considered in the algorithm developed. Vol-

canic layers were accounted for by taking their thicknesses (small, as compared to

the total column) back to the basement level.

Decompacted sediment and backstripped plots for all wells are grouped in Fig.
5.7. Note steeper total and tectonic curves for the Devonian (Canindé Group)
in all wells and the overall thermal decay appearance first recognized by Sleep
(1971) and Sleep & Snell (1976). The larger Devonian subsidence rates may be
associated with a second rifting event occurring at 400-385 Ma. The tectonic
subsidence curves show a similar pattern, i.e. a long-term regular trend with a

short Devonian acceleration. Tectonic subsidence values are also modest, generally
between 0.5 and 1 km.
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Total subsidence and tectonic subsidence rates across the basin were estimated
for each lithostratigraphic group. Mean values, taking all groups for the basin as a

whole, do not seem to be meaningful since the true amount of erosion is unknown.
Rates computed for each well are shown in Table 5.2.
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Table 5.2

Total and tectonic subsidence rates

(in m Myr™') for wells in the Parnaiba Basin.

Stratigraphic Groups/Absolute Ages (Ma)
Serra Grande/445-410 Canindé/385-350 Balsas/310-235

Mearim/180-155

Well Coordinates (AS,/At) (AS*/At)

1-AT-01-MA 2.9°S, 45.6°W 8.1 8.0 0.1 0.1 3.8 36 01 0.1
2-BAC-01-MA 5.3°S, 45.4°W 180 287 115 1.3 82 11.0 38 04
1-CI-01-MA 3.0°S, 45.4°W 8.4 9.5 0.1 0.1 4.0 42 <0.1 <0.1
1-CL-01-MA 7.3°S, 47.5°W | 10.3 15.6 57 ND 4.9 66 22 ND
2-CP-01-MA 4.8°S, 44.3°W 20.1 429 108 0.1 127 148 3.3 <0.1
1-FL-01-PI 6.5°S, 42.8°W | 30.7 26.4 8.6 ND 13.3 94 28 ND
1-FM-01-MA 8.3°S, 46.1°W 49 386 83 ND 24 157 29 ND
1-FO-01-MA 8.3°S, 46.2°W | 20.5 23.5 57 ND 9.3 89 20 ND
1-12-02-MA 5.5°S, 47.4°W 6.5 248 123 0.3 3.1 105 44 0.1
2-1Zst-01-MA 5.5°S, 47.5°W 1.7 176 123 0.3 9.5 73 44 0.1
1-MA-01-PI 4.8°S, 42.8°W | 23.2 249 122 ND 10.4 93 42 ND
1-MA-02-PI 4.8°5, 42.8°W | 23.2 250 11.0 ND 10.3 93 38 ND
1-MD-01-MA 6.4°S, 44.3°W | 23.1 32.1 7.6 ND 103 119 2.5 ND
1-MS-01-MA 7.0°S, 45.5°W | 239 26.2 9.0 ND 10.6 97 30 ND
2-NLst-01-PI 5.6°S, 42.6°W 26.0 24.8 4.7 ND 11.5 91 16 ND
1-PA-01-MA 4.2°S, 45.7°W | 17.2 35.2 8.7 1.2 79 133 29 04
9-PAF-07-MA 3.3°S, 44.4°W | 12.7 5.4 1.3 13 5.9 23 05 0.5
2-PMst-01-MA | 3.6°S, 45.4°W | 17.5 24.5 3.6 0.8 8.0 95 13 03
1-TB-01-MA 7.4°S, 46.1°W | 19.1 25.5 71 ND 8.7 98 24 ND
1-TM-01-MA 8.7°S, 46.9°W | 17.7 218 4.7 ND 8.1 85 1.7 ND
1-VBst-01-MA | 7.5°S, 46.3°W | 21.0 24.3 6.9 ND 9.4 92 24 ND
1-VG-1R-MA 7.4°S, 46.6°W | 10.9 274 7.6 ND 51 111 2.7 ND

(ND - the specific group was not drilled)

Table 5.3 summarizes the total and tectonic rates found. The scatter ob-
served suggests that the subsidence, although regional in nature, was strongly
influenced by local structures like faulted blocks and the palaeotopography of
the basement. This variability seems to be larger for the Carboniferous-Triassic

and Jurassic depositional sequences. The mean values of (AS*/ At) do not ex-

ceed 40-45% of the mean total subsidence rates demonstrating the large influence
of the sedimentary load. The rates (in m Myr~!) for Parnaiba are much lower
than those reported by Oliveira (1987) for the rift phases of the NE coast Po-
tiguar Basin (20 < AS*/At < 84, 46 < AS,/At < 205) and Sergipe/Alagoas
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(33 < AS*/At < 97, 64 < AS,/At < 208). Quintas (1995) reports comparable
total and tectonic rates for the Silurian, Devonian, Triassic, Jurassic and Cre-
taceous sequences of the Parand Basin. In marked contrast to the corresponding
Carboniferous-Triassic sequence of Parnaiba, the Carboniferous-Permian sequence

of Parand shows much larger rates AS*/At = 49 and AS;/At = 111 m Myr™1.

Table 5.3 Summary of total and tectonic subsidence rates

for the Parnaiba Basin.

Stratigraphic Absolute AS, /At AS* /At
Group Ages (Ma) (m Myr™!) (m Myr™—!)
Mearim 180-155 06 £ 05 0.2 +£0.2
Balsas 310-235 7 +4 2 x1
Canindé 385-350 24 +9 9 +3

Serra Grande 445-410 17 £ 7 8 +3

5.3 Thermo-Mechanical Modelling

The accumulated geological and geophysical evidence points to the importance
of an extensional tectonic regime in Parnaiba prior to, and during, the develop-
ment of the regional subsidence. Therefore, it is justifiable to investigate how the

tectonic subsidence curves obtained compare to lithospheric stretching models and

their implications for the crustal structure beneath the basin.

Values for the parameters used in the thermo-mechanical modelling are listed in
Table 5.4. Among them, the choice of realistic estimates of crust and lithosphere
thicknesses are obviously critical. Nelson (1991) reports Precambrian crust as
slightly thicker (41 £ 6 km) than Phanerozoic crust (28 + 2 km). Precambrian
crust thickness was further separated in two classes by Durhein & Mooney (1991):

Archean cratons with ~35 km and Proterozoic cratons with ~45 km. According

to Pearson et al. (1993) the lithospheric thickness in cratonic areas is in the range
150-200 km.

7



Table 5.4 Parameters used in the thermo-mechanical

and flexural modelling of the Parnaiba Basin.

Parameter Symbol Value
Lithospheric initial thickness zr, 170 km
Crustal initial thickness Ze 35 km
Temperature at the base of the lithosphere | T, 1,603 K
Mantle density at 273 K P 3.330 kgm™?
Crust density at 273 K P2 2,800 kgm™3
Water density Pw 1,030 kgm™3
Volumetric thermal expansion coefficient a, |3.0x107% K™?
Lithospheric thermal diffusivity K 0.8x10°% m?s-!
Lithospheric thermal time constant T 116 Myr
Young’s modulus E 70 GPa
Poisson’s ratio v 0.25

In Brazil, Oliveira (1989) and Quintas (1995) used crust and lithosphere thick-
nesses in the range of 35-45 km and 150-170 km, respectively. The isostatic analysis
carried out by Ussami (1986) for the adjacent Sao Francisco Craton considered a
crustal thickness of 35 km. Marangoni et al. (1995) carried out the gravity mod-
elling of the Araguaia Fold Belt bordering Parnaiba to the west. The Bouguer
gravity of this fold belt was successfully modelled using the suture zone concept of
Gibb & Thomas (1976) for the Canadian Shield. Crust thickness in this collision
zone of two lithospheric blocks was estimated as 40 km, locally thickening to 48

km. Ussami et al. (1993) suggested a “normal” crust value of 40 km in Brazil.

There are no previous crust and lithosphere thickness estimates beneath the
Parnaiba Basin. The geological evidence is of an area which underwent extensional
pulses since the Upper Proterozoic and a reasonable thermal input in the last stages

of the Brasiliano Cycle. These geological inferences led to the choice of 35 and 170

km as the preextensional crust and lithosphere thicknesses, respectively.

McKenzie (1978) considered quantitatively a stretching model where crustal and
lithospheric extensions are the same, showing no dependence on depth. Isostatic
equilibrium is maintained due to passive upwelling of hot aesthenospheric material.
It is assumed that the continental lithosphere follows Airy isostasy (D = 0) with

its initial surface at sea level and heat flux is essentially vertical with no radioactive
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heat production been considered. For an extensional basin the model describes a

total subsidence made up of two components:

1 an instantaneous (less than 20 Myr) fault-controlled subsidence depending on

the initial thicknesses of the crust and the lithosphere as well as on the amount

of stretching;

2 a subsequent (stretch-dependent only) thermal subsidence due to the expo-

nential dissipation of the heat anomaly with time, resulting in cooling and

contraction of the lithosphere.

Some studies of Atlantic-type margins e.g. Steckler & Watts (1978) and De
Charpal et al. (1978), claimed the viability of McKenzie’s model in evaluating and
predicting the subsidence history of continental margins. A rifting stage initiates
with lithospheric extension and crustal attenuation due to stretching. There is an
increase in the thermal gradient due to passive upwelling of the aesthenosphere and
the crust extends uniformly by normal faulting, possibly listric, in the brittle upper
crust and by ductile deformation of the lower crust. The amount of extension as

well as the initial thicknesses of crust and lithosphere govern the initial isostatic

subsidence.

The theoretical development of McKenzie’s model can be summarized as follows:
tensional stresses cause the continental crust to fail by brittle fracture, whereas the
mantle lithosphere fails by ductile necking. Introducing the notation z. and z, for
the thicknesses of the crust and lithosphere respectively, p. and p,. as the average
densities of crustal and subcrustal material and g as the (mean) gravitational

acceleration; before rifting the lithostatic column is made up of two components
(Fig. 5.8) and the lithostatic stress is given by

pcgzc + pacg(zL - ZC)'

Assuming that the geotherms are linear from T}, at the base of the lithosphere

to Tp at the surface and the densities also have a linear relationship to temperature,
pc and p,c are written as

Pec = Pg(l - avTc)
and

Psc = P?n(l - avTac),
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Fig. 5.8 Schematic diagram of the uniform stretching model (McKenzie, 1978).
The crustal and lithospheric stretch factors are B and 8;. For uniform stretching
Bc = B (after Allen & Allen, 1990).

where p7 and p{, are crustal and mantle densities at 273 K (0°C), a, is the

volumetric coefficient of thermal expansion for crust and mantle and T., T, are

the average crustal and subcrustal temperatures, respectively.

Considering linear geotherms, the temperature profile can be written as

2L

T(z) = Ty —

Z,

and the average values of T = T'(z) over the crust and subcrustal lithosphere are

2L _
Tc - 1 (Tm _ Tm TO Z) dZ

2L — (ZL - ZC) I -2, ZL

Tm - TO 2
—_— e

zL
and ) e, T T
Tsc= / (Tm— L oz)dz
2L -2 Jp F44
1
= [To + T + (Tpy — To)fi]
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When the surface temperature is 0°C the last expressions simplify to

and

After rifting, both the crust and the lithosphere have been stretched by the
same amount. Crust and lithosphere thicknesses are reduced to z./3 and z/8,
respectively. Parameter 3 gives the percentual change in thickness; when 8 = 0

there is no extension and when 8 = 0o complete oceanization has occurred.
The lithostatic stress at the depth of the original lithospheric thickness is now
ps9zs + pcg(2c/B) + pscdl(zL/B) = (2¢/B)) + pmglzL — (zL/B) — 2,),

where z, is the sediment thickness, 8 is the uniform stretching factor for crust and

lithosphere and p,, = p% (1 — ayT) is the mantle density at temperature Ti,.

Subcrustal average density p,. is assumed to be approximately the same before
and after stretching.

Balancing the columns before and after uniform stretching,

pcgze+ Pacd(ZL — 2c) = Psg2s +pcg(zc/B)+(Pac/B)g(2L — 2c) + pmg(zL — 2L/ B~ 24)

and the syn-rift subsidence can be written as

[(P?n‘"l’g)f‘c‘ (1_0{”&32 _av:z'in'l’o
z=zL(1—-1-) zL 2 2 9 Fm 5
’ B p?n(l _ava) — Ps - ( . )

The uniform stretching model of the lithosphere implies in:

1 the permanent fault-controlled subsidence of the brittle upper crust; and

2 the transient subsidence caused by the thermal anomaly due to the upwelling
of hot aesthenosphere.

The initial subsidence is estimated by Equation (5.6) and for the cooling of the

lithosphere the model neglects the radioactive heat production and assumes the
boundary conditions
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T— 0, atz=L (surface)
~ | T, atz=0 (baseof the lithosphere)

with lateral temperature gradients much smaller than vertical gradients

or oT _ 0
or oy
Use of the heat conduction equation (Fourier’s law) allows the computation

of the surface heat flux and the post-rift subsidence, S(t), caused by thermal

contraction is given by

4zppsay T ) T
S(t) ~ —;I;)L_'—ps—‘% sin (—B‘)[l - exp(—t/r)], (57)

where 7 = 2% /1% is known as the thermal time constant of the lithosphere and

x is its thermal diffusivity.

Initial and thermal subsidence can be estimated from plots of depths versus
time, the backstripping curves, and compared to the theoretical estinates of Equa-

tions (5.6) and (5.7). Crust/lithosphere extension (3) can be estimated through

numerical solution of the transcendental Equation (5.7).

A single extensional event lasting for ~5 Myr was considered in applying the
uniform stretching model to the 22 boreholes in Parnaiba, as is shown in Fig. 5.9
for well 1-PA-01-MA. The agreement between the tectonic subsidence curve and
the theoretical curve of expression (5.7) is extremely poor. The main observed
discrepancy is that the Serra Grande Group lays uncomformably on basement
rocks but, according to the uniform stretching model, continuous basinal subsi-
dence should have occurred with usually over 1 km of syn-rift subsidence. Similar
discrepancies were observed for all other boreholes. The disparity of McKenzie's
model to the tectonic subsidence in Parnaiba has been also observed elsewhere.
Several other workers e.g. Sclater et al. (1980), Royden & Keen (1980), Oliveira
(1987) and Quintas (1995), already observed that McKenzie’s model, despite being
an important advance in the theoretical framework of understanding basin subsi-
dence, fails to predict the tectonic subsidence in some geological situations. The
crustal extension and initial subsidence predicted by the model are usually much
larger than the observed values. Equivalently, the observed thermal subsidence is

much greater than that predicted from the observed crustal extension.
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Lithospheric extension is likely to be non-uniform. Royden & Keen (1980)
and Hellinger & Sclater (1983) further refined the original, unrealistic uniform
stretching model by developing a two-layer instantaneous extensional model. This

model was proposed primarily to explain the observed tectonic subsidence of rifted

intracratonic basins under the assumptions of:

1 broad-based, predominantly vertical heat input to the subcrustal region during

the rifting process;

2 the heat loss is unaffected by sedimentation (sedimentary blanketing);
3 effects of crustal radioactivity and dyke intrusion can be ignored; and

4 local isostatic equilibrium is maintained throughout.

The Royden-Keen model considers that extension occurring in an upper, brittle
layer is not coupled to what happens to the lower, ductile layer. Under extension,
the brittle layer is stretched by a factor 8 while the ductile layer is stretched by
factor 6§ (= Bt in Fig. 5.8). The brittle-ductile transition zone is commonly thought
of as occurring at the base of the crust. The evidence comes from structural studies
showing that steep faults near the surface quite often become listric and penetrate
the continental crust to deep levels (lower crust). Also, focal depths of carthquakes
in old cratons (tectonic age > 800 Ma) further confirm that while the upper crust
is a seismically active zone of relatively high strength, the lower crust is essentially

aseismic, being a zone of lower strength where ductile deformation mechanisms
take place.

The formulation of the Royden-Keen model is similar to the McKenzie model.
At t = 0 the lithosphere undergoes an instantancous extensional event. A unit
length crust is extended to a length 8 and a unit length of subcrustal lithosphere
is extended to 6. The total lithospheric attenuation, ¢, is related to the crustal
and subcrustal rates as

2L

© T B+ (rL— 26

It is convenient to introduce the parameters v, =1~1/¢, 7. =1-1/8 and

vsc = 1 — 1/6 where « represents the reduction in thickness as a percentage of the
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original thickness. The initial, fault-controlled subsidence is given by (Hellinger &
Sclater, 1983)

2

- — oayTnz 0y P T 2e Tmzc _ [avop Tm(zL —2c)
(6% = ) = (1 2=;9n()1_a i )_],: [ g (5.8)

2 =

while the thermal subsidence (Friedinger, 1988) is

S(t) = 2(0) — 2(t), (5.9)

where the (waterloaded) depth z at time t after the end of the extension phase is
_ 42La.,pm _Tam41 2t/r

z(t) 7r2(p = p) 2= 2m + 12 —————— exp[—(2m + 1)*"/7] (5.10)

When there are no dyke intrusions the z,, are defined as

( 1)n+1
Ty = -—————[(ﬂ 8)sinnwH + §sinnnG)

with

zc 1""2c/zL
H=1- d G=H - ————,
- an H 5

Notice that

1 z, is a linear function of 4. and v, and therefore also of v,;

2 2z, depends on a much larger scale on crustal thinning than on whole lithosphere
thinning; and

3 S(t) involves a weakly convergent infinite series and the summation must be
evaluated to a reasonably large value.

Friedinger (1988) wrote a computer algorithm to model basin subsidence and
thermal evolution under the assumptions of either the McKenzie or Royden-Keen
models. Program BASTA uses Equations (5.8)-(5.10) to compute the best match
(in the L sense) of B and § factors for a given range of admissible values to
the subsidence tectonic pattern of an exploratory borehole
Equation (5.10) is evaluated up to the first 50 terms.

. The summation in

The borehole data set for Parnaiba was submitted to BASTA with the same
parameter values of Table 5.4. A short rifting phase was assumed to have lasted
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the observed erosion prior to the regional thermal subsidence.

for (at least) 5 Myr, since instantaneous rifting is absurd of the geological point
of view. Expressions (5.8)-(5.10) were evaluated with 8, é € [1., 2.] and combi-
nations were iteratively considered with 0.01 steps. Results are grouped in Fig.
5.10 which shows the best matches for all boreholes. Note that small uplifts are
considered to have occurred prior to general subsidence, agreeing with the geo-
logical evidence of an erosional uncomformity between the basement rocks and
the Silurian depositional sequence. The superiority of the Royden-Keen model is
clearly visible as compared to the McKenzie model example shown in Fig. 5.9 and

Table 5.5 summarizes the results obtained.

85



Table 5.5 Estimated values of crustal and subcrustal extension rates and

total lithospheric attenuation (percentages).

Well 5} 6 €

1-AT-01-MA 1.05 1.11 1.10
2-BAC-01-MA 1.13 1.30 1.26
1-CI-01-MA 1.06 1.14 1.12
1-CL-01-MA 1.07 1.15 1.13
2-CP-01-MA 1.18 1.36 1.32
1-FL-01-PI 1.13 1.23 1.21
1-FM-01-MA 1.10 1.22 1.19
1-FO-01-MA 1.10 1.17 1.15
1-1Z-02-MA 1.10 1.27 1.23
2-1Zst-01-MA 1.10 1.25 1.22
1-MA-01-PI 1.12 1.24 1.21
1-MA-02-P1 1.12 1.22 1.20
1-MD-01-MA 1.14 1.28 1.25
1-MS-01-MA 1.13 1.27 1.24
2-NLst-01-PI 1.12 1.21 1.19
1-PA-01-MA 1.14 1.32 1.28
9-PAF-07-MA 1.07 1.14 1.12
2-PMst-01-MA 1.11 1.22 1.20
1-TB-01-MA 1.11 1.24 1.21
1-TM-01-MA 1.09 1.16 1.14
1-VBst-01-MA 1.11 1.20 1.18
1-VG-1R-MA 1.10 1.24 1.21

Figure 5.11 shows the geographic distribution of the total lithospheric attenua-
tion estimates within the basin. Larger values are noticeably closer to the mapped
or inferred NNW-SSE graben structures and along the Transbrasiliano Lineament.
Attenuation values systematically decrease towards the borders of the basin. Wells
2-BAC-01-MA (e = 1.26), 2-CP-01-MA (¢ = 1.32) and 1-PA-01-MA (¢ = 1.28)
are in between the grabenlike structures and show the largest attenuation values.
The lithospheric attenuation values have also been contoured and are shown in
Fig. 5.12. The zone of largest attenuation is consistent with the maximum basinal
sediment thickness and the residual gravity high of Fig. 4.21. Crustal, subcrustal

and total attenuation values for Parnaiba are lower than those estimated for the
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Parand Basin. Quintas (1995) assigned three extensional pulses acting in Parana

with total lithospheric attenuation in excess of 60% in many sites.

Changes in the depocentre and basin shape through geologic time were analyzed
by sketching W-E and S-N profiles at times coincident with the end of sedimen-
tation of each of the stratigraphic groups (Fig. 5.13). The chosen epochs were
410 Ma, after the Serra Grande sedimentation; 350 Ma, when the Canindé Group
had been deposited; 235 Ma, when the Balsas Group had also been deposited,
155 Ma, including the Mearim Group; 100 Ma, after the Cretaceous sequence was
deposited and magmatism had occurred in the basin; and the present time, after
thermal reequilibration and basin exposure. These profiles are shown in Figures

5.14 (profile W-E, 5 wells) and 5.15 (profile S-N, 7 wells).

What these profiles basically outline are cross-sections of the post-rift thermal
phase of the Parnaiba Basin and both profiles show quiescent sedimentation. A
slight change with time in the depocentre towards west, causing a more symmet-
rical basin shape is seen in the W-E profile. The change in the depocentre could
signal the earlier, stronger influence of the NE-SW crustal weakness zones fol-
lowed by widespread subsidence. The small number of wells to the east of 43°W
precludes a better assessment of the influence of the Transbrasiliano Lineament
on the first stages of subsidence of Parnaiba. The S-N profile displays the same
gentle sedimentation pattern with a more elongated basin to the south and a

steeper northern border due to the truncation process that Parnaiba suffered in
the Mesozoic.

The gradual regional subsidence observed in the W-E and S-N profiles have
been interpreted as the result of thermal cooling and loading that followed the rift
phases of the grabenlike structures. A simple rheological model was considered in

an attempt to estimate the flexural subsidence effects of this loading.

5.4 Flexural Loading of the Lithosphere

Numerous authors have considered the flexure of the lithosphere under various
loads e.g. Brotchie & Silvester, 1969; Walcott, 1970; Turcotte (1979) and Ussami,
1986. Essentially, the tectonic plates defining the lithosphere are treated as rigid

plates overlaying the mantle, whose behaviour is that of a fluid substratum on
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geological time scales. A thermal boundary, usually the 450 £ 100°C (Watts et al.
1982), would define the elastic portion of the lithosphere, the transition from rigid
to ductile behaviour. There is considerable observational evidence that surface

loads like mountains, sedimentary basins, islands and seamounts cause flexure of
the lithosphere.

The concept that the lithosphere behaves as an elastic plate overlaying a fluid
substratum goes back to the middle of the nineteenth century when the absence of
large gravity anomalies over mountain ranges was explained in terms of low density
roots. Mountain loading depressed the crust, displacing the denser mantle rocks.
Usually, thin plate theory or shell approximation has been applied to problems
involving lithospheric flexure; i.e. the wavelength of the flexure is considered to be
long compared to the thickness of the plate. Loads are supported by the bending
ridigity of the plate and in this limit the shear stresses due to vertical loading are
neglected compared to bending stresses. Also, a flat Earth approximation is taken

since the loads commonly have a wavelength much shorter than the Earth radius.

Of particular interest to this study is the problem of axisymmetric loading of

the lithosphere with an applied load p = p(r) per unit area, depending only on

the radial coordinate. The governing equation valid for such situation is

2 14\
D (d? + ;5) w(r) = p(r) — restoring force,

where D is the effective flexural ridigity of the lithosphere and w(r) is its vertical
deflection.

The nature of the restoring force can be understood from the examination
of Fig. 5.16. This schematic diagram shows a waterloaded basin model where
the axisymmetric load driving the tectonic subsidence has been approximated by
one disk lying at the lowermost crust and the uppermost mantle. The disk load
with density p¢ is denser than the normal lower continental crust of density Pe,

thus forcing its way down into the mantle underneath of density p,, (> p*) and
experiencing an upward buoyancy force.

The continental lithospheric plate includes crust of thickness z, and density p.
separated by the Moho from the rest of the lithosphere of density p,» and thickness
z. The plate lies on top of a fluid lithospheric mantle of density p,, and has been
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Fig. 5.16 Schematic diagram showing the tectonic subsidence of a waterloaded

basin caused by an axisymmetric load at the lowermost crust-uppermost mantle.

Densities are py, > pr > pe > Puw-

deflected downward by the disk load of radius a and thickness t. The crust nearest
to the load is effectively thickened by the same amount w which the Moho is

depressed. The weight per unit area of a vertical column extending from the base
of the deflected plate to the surface is

pwgW + pegze — w — (t — w)] + pcgt + pmgz

while the pressure at a depth z. + 2 + w in the surrounding mantle far from the
deflected plate is

pegze + pmg(z + w).

89



The upward hydrostatic restoring force per unit area is given by the difference
PcdZc + PmGZ + PmgW — PugW — Pcg2c + pcgt—
—Pegt — Pmgz = (pm — Puw)gw — (P — Pc)gt

which is the combined result of replacing mantle rock by water and normal lower

crust by anomalous crust.

Isostatic equilibrium is assumed to be maintained throughout i.e. there is no

(external) applied force. The disk load exerts a force per unit area p given by

_— (Pz - pf)gt’ r<a
P(r) = { 0, r>a

and the appropriate governing equation for the vertical deflection w = w(r) of the

lithospheric plate being axisymmetrically loaded is
p(&£ .14y (r)+ (r) = 5.11)
dr? r dr w T') (pm - Pw)gw T‘) - p(?") ( .

The solution to Equation (5.11) has been given by Brotchie & Silvester (1969)
and Haxby et al. (1976). The predicted tectonic subsidence is written as

(o2 — pe)t Zer' (2) ber (Z) - Ziei’ () bei (Z) +1], r<a
w(r) = ”':‘ Pu (5.12)
g%cm——_p—;c)t [%ber' (%) ker (%) - ?x—bei' (%) kel (2—)], r>a

where ker, ber, kei and bei are the Bessel-Kelvin functions of zero order, with

primes denoting derivatives with respect to the argument. The associated flexural

1

i 4D 4 : s

parameter o is defined as o = [(————T} and polynomial approximations
Pm — Pw)g

(Abramowitz & Stegun, 1965) were used to evaluate the Bessel-Kelvin functions

and their derivatives for arguments in the range

0<(2). (3) <

Equation (5.12) has been coded as a FORTRAN program to model the present-
day tectonic subsidence as found in the profile W-E shown in Fig. 5.14f. The
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best-fit iteration for the axisymmetric loading model is shown in Fig. 5.17 and the

following parameters were found:

o Effective flexural ridigity D = 0.2 x 10** N m;

o Flexural parameter ¢ = 77 km; and

o Disk load: radius = 370 km, thickness = 14.5 km, centered at 630 km.

Thin plate theory relates the effective flexural ridigity of the plate to its elastic
thickness T, as

_ __ETC
12(1 — v2)’
Given the value of D and taking into account the Poisson’s ratio and Young’s
modulus of Table 5.4, this correlates to an elastic lithospheric thickness of 32
km. This elastic thickness is similar to those found for the continental lithosphere
as a whole (Beaumont, 1981; Watts, 1992), for the Michigan Basin (Haxby et
al.  1976; Nunn & Sleep, 1984), Paris Basin (Brunet & Le Pichon, 1982), the
interior basins of Australia (Lambeck, 1983) and the Parand Basin (Oliveira, 1989).
Figure 5.18 positions the elastic thickness computed in the present study among

other estimates for the continental lithosphere (Watts, 1992). Note the bimodal

distribution of continental values in contrast to oceanic values.

Karner (1993) has suggested that care should be taken in understanding the
meaning of any figures obtained for the effective elastic thickness of the lithosphere.
The lithospheric elastic plate model is simply a mechanical analogue (derived from
civil engineering) and the results eventually obtained do not imply that the litho-
sphere is elastic down to a certain depth and plastic, viscoelastic beyond that. Our
results do not necessarily mean that the lithosphere is elastic at all! The model
merely demonstrates that the depth-integrated behaviour of the lithosphere over

geologic time is similar to that of an elastic plate of given thickness.

5.5 Discussion

The first systematic application of the backstripping technique to exploration
boreholes in the Parnaiba Basin has been carried out in the present study. Esti-

mates of the separate tectonic (40-45%) and sediment (60-55%) contributions to
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the observed subsidence curves were obtained using the general chrono-lithostrati-
graphic column for Parnaiba and decompacting sediments under Airy isostasy
assumption. The backstripping algorithm developed takes into account i the sedi-
ment compaction through an exponential dependence of rock porosity on depth; ii
erosion estimates by computing a local erosion rate; and iii the removal of thick-
nesses of intruded volcanics from the stratigraphic column. Flexural backstripping
was not considered due to the expected low lithospheric flexural ridigity and the
large dimensions of the basin. Better spatial and temporal knowledge of the re-

gional erosional mechanism which affected Parnaiba will obviously improve the

present subsidence estimates.

The backstripping diagrams show the strong influence of the sediment load since
the onset of regional subsidence in the basin. The general geohistory of Parnaiba
shows a quiescent Silurian sedimentation often followed by up to twice as large

Devonian subsidence. After the basinal exposure in the Lower Carboniferous,
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the next depositional sequences (Carboniferous-Triassic and Jurassic) experienced
smaller subsidence rates, indicating that the initial thermal anomaly was dying.
Effects of the Mesozoic magmatism and associated (reasonably large) thermal
anomaly are not visible in the basinal subsidence pattern, with the exception of
boreholes close to the present coast line. Wells 1-AT-01-MA and 1-CI-01-MA indi-
cate less than 100 m subsidence following the thermal input occurring in Parnaiba
during the opening of the Equatorial Domain of the South Atlantic. This may

be interpreted as an indication of crustal underplating which prevented larger

subsidence from taking place.

The slightly concave long-term tectonic subsidence is interrupted by short-
amplitude periods due to non-depositional gaps. This polyphasic nature of the
subsidence in Parnaiba is also observed in other interior basins e.g. Paris Basin

(Loup & Wildi, 1994) and in the Michigan basin (Nunn et al., 1984).

The geological record shows that the Transbrasiliano Lineament and other fault
systems were active during the entire development of Parnaiba. Therefore, the re-
gional subsidence should be understood as resulting from intermittent distensional
pulses occurring in the region since (at least) the Upper Proterozoic up to the Up-
per Ordovician. Extension was prevalent up to the Mesozoic when the pattern

became disrupted due to the opening of the Equatorial Domain of the South At-
lantic Ocean.

Estimates of crust/lithosphere attenuation using the simple uniform stretching
model (McKenzie) had to be abandoned due to failure of the model to adequately
predict the observed tectonic subsidence. Modelled syn-rift subsidences and stretch
rates () were excessive as a result of model inadequacies. The application of
the Royden & Keen two-layer extension model, although still a simple working
hypothesis, allowed estimation of lithosphere attenuation values on a regional basis
and it appears that larger stretching values are close to the main inferred extension
zones. Note that the three largest attenuation values found are for wells in between
the graben structures, therefore being the most affected by the extensional regime.
Also, these wells are located on a gravity high of the Bouguer map, consistent with

the proposed situation of being closer to the anomalous (denser) crustal material.
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A single stretching event was used in the modelling of basin subsidence that
started possibly at 450 & 5 Ma. Although the tectonic subsidence curves (in
particular those for wells 1-PA-01-MA, 2-BAC-01-MA and 2-CP-01-MA) might
suggest another stretching event at about 390 + 10 Ma, the present resolution of
the litho-chronostratigraphic column casts doubt on the mere superimposition of
two theoretical curves. Other cratonic basins display a similar variable subsidence
pattern e.g. the Paris Basin (Loup & Wildi, 1994), often interpreted as changes

in the regional stress field or the thermal regime affecting the basin.

For the contemporaneous Middle Amazon Basin, Nunn & Aires (1988) pro-
posed a second rifting/intrusion event in their explanation of Palaeozoic subsi-
dence. Their suggestion was mostly based on the rapid cumulative subsidence in
Upper Carboniferous-Permian observed at the centre of the Middle Amazon Basin,
a feature not found at Parnaiba. However, their study did not correct for sediment
load and compaction as has been done here. Fig. 5.7 shows that the backstripped
curves do not demonstrate this second, rapid tectonic subsidence and a second
rifting/intrusion event is not well defined to model the regional basin subsidence.
Most of the Devonian accelerated subsidence can be accounted for by the sediment
loading. Nunn (1994) proposed free convection of fluids in upper crust rocks as
the cause of short-lived (~ 5 Myr) thermal anomaly in the overlaying sediments.
Renewed subsidence could be induced in intracratonic basins provided basement
rocks are sufficiently permeable and basinal sediments are underlain by a large

igneous body. None of these assumptions have been confirmed for Parnaiba.

A further refinement to the Royden-Keen model is continuous stretching with
depth (Rowley & Sahagian, 1986), which considers lithospheric extension being
depth-dependent. This model removes the following objections related to the

discontinuous non-uniform mechanism:

e the existence of an intralithospheric discontinuity region where the crust is

effectively decoupled from subcrustal lithosphere; and

e a mechanism capable of detaching and stretching the subcrustal lithosphere by
a different amount to the overlying crust.

Other postulated initiation mechanisms c.g. deep crustal metamorphism (Mid-

dleton, 1980) or small-scale convective downwelling in the mantle (Middleton,
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1989) were considered not applicable to Parnaiba, given the geological boundary

conditions known either at the surface or through the exploration boreholes.

Total and tectonic subsidence profiles across the basin show the quiescent ther-
mal phase sedimentation with a slight change of the depocentre towards west after
the first depositional cycle. The tectonic subsidence was reasonably modelled by
an axisymmetric subsurface load at the Moho interface. The flexural ridigity was
taken as constant in time and space, given the regional interpretation sought as
well as the less complicated mathematical details required. The estimated elas-
tic thickness of 32 km is similar to the 30-35 km estimated by Oliveira (1989)
for the Parana Basin. These low elastic thicknesses are characteristic of basins
which underwent a strong thermal anomaly (Watts, 1992; Sahagian, 1994). The
lithosphere presents a rather complex rheology but it is believed that the upper,
cooler portions at temperatures below 450°C are stiffer than the lower portions.
The elastic-ductile transition varies with composition and has been determined as
350°C for quartz and 550°C for olivine rheologies. The continental lithosphere
evolves as if its olivine-dominated mantle thickens, from an elastic thickness de-
fined by 350°C to one defined by 550°C (Kusznir & Karner, 1985; Sahagian &
Holland, 1993). A constant, intermediate value of 450°C is often used since it

seems to be a reasonable approximation for the continental lithosphere e.g. Watts
et al. (1982).

A thin plate elastic rheology for the lithosphere with amplification of subsidence

by sediment loading was considered. Given the present limitations of the data
sources and the good correlation between the tectonic subsidence profile and the

curve predicted by the axisymmetric model, it seems to be premature to consider
more complex rheologies.
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CHAPTER 6

DISCUSSION AND CONCLUSIONS

6.1 Gravity Modelling

The present gravity coverage, although not evenly distributed, allowed obtain-
ing the first gravity anomaly maps of the Parnaiba Basin. Elongated gravity lows
associated with thicker accumulation of sediments along the Transbrasiliano Linea-
ment and NNW-SSE grabens are clearly seen in the Bouguer map. These features
were not previously detected. Contrary to what might be expected for a Palaeo-
zoic, aseismic basin in clear isostatic equilibrium, the free-air map consistently
shows negative anomalies ranging from -10 to -30 mGal, which has been inter-

preted as an indication that Airy isostasy due to simple crustal thinning should
not be a model applicable to Parnaiba.

Subsequent gravity analysis exploring the basin geometry suggested the exis-
tence of a zone located at the lowermost crust-uppermost mantle where normal

lower crust has been replaced/intruded by denser, mantle-differentiated material.

In contrast to a normal lower crust density of 2,800 kg m™~3, an average density

of 2,900 kg m™3 has been assigned to this altered material. This is geochemi-
cally feasible (Cox, 1980) for rocks at the base of the crust contaminated with
mantle material. Figure 6.1 presents a NW-SE gravity profile across the Parnaiba
Basin and the proposed geological model. There is general agreement between
observed and modelled Bouguer anomalies and the predicted free-air anomalies

are compatible with the isostatic equilibrium situation of Parnaiba.

According to this regional gravity model a maximum thickness of ~13.5 km
of anomalous crust should be occurring beneath the basin depocentre. Further
analysis, involving the separation of the Bouguer field into regional and residual
components, led to the construction of regional, resultant and residual anomaly
maps. Despite several gaps in the gravity data set used, the regional map correctly
shows gradual crustal thickening towards the S&o Francisco Craton and crustal
thinning towards the continental plate margin. A slight increase in the depth

to the Moho is seen at the centre of the basin with a gravity expression of ~5
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mGal. This feature is at the limit of the wavelength resolution currently attainable
with the current data but is compatible with a remanent central cratonic nucleus

roughly beneath the middle of the basin.

The resultant anomaly map, produced by subtracting from the Bouguer map
the gravity component due to the basinal sediments, enhances the gravity expres-
sion of the NE-SW Transbrasiliano Lineament, precursory NNW-SSE sedimentary
deposits and the volcanic intrusives and extrusives. Elongated NE-SW relative
gravity lows, ~-30 mGal in amplitude, visible in this map, indicate that sediments
predating Parnaiba and metamorphosed in varying degrees during the Brasiliano
Cycle (700-500 Ma) should be found in grabens to the NE, beneath the basinal se-
quence. A slightly lower (~-40 mGal) resultant anomaly trending NNW-SSE can

be associated with thicker accumulations of Upper Proterozoic molassic sequences

sampled in the area.

The most interesting feature of the residual anomaly map is the gravity high,
~10 mGal in amplitude, found to the centre of the basin. This anomaly pattern
has been interpreted as an independent verification that the lower continental crust

beneath Parnaiba should be intruded with denser, mantle-differentinted material.

In summary, the regional interpretation of Parnaiba Basin gravity data reveals
the presence of a zone of altered, denser material at deep crustal levels. This asym-
metric region behaved as a flexural load onto the mantle and the oval geometry

of the basin itself is the result of smoothing by regional compensation (flexure) of
the subsurface load.

6.2 Geohistory Analysis

The drillholes in the Parnaiba basin are few in number and inadequate in distri-
bution, with a single well providing information of sediment density versus depth.
Crucial to a better understanding of the history of subsidence of Parnafba is the

refinement of its chrono-lithostratigraphic column and boreholes more regularly
distributed.

The present assessment of the geohistory of the Parnaiba Basin shows a quies-
cent sedimentation process in all 22 exploration boreholes analyzed. Both total and

tectonic rates were low to moderate throughout its long history, never being larger
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than 43 m Myr~! and 15 m Myr™?!, respectively. A slight, episodic acceleration in
the Devonian can be mostly accounted for by the sediment load amplification of
subsidence. The other large Brazilian intracratonic basins (Amazon and Parana)
show larger accumulation rates throughout the Phanerozoic. Typical decompacted
sediment and backstripped curves are shown in Fig. 6.2 for well 2-CP-01-MA, the
deepest well in the basin, close to the present depocentre. Regional uncomfor-
mities have been mapped in Parnaiba. Non-depositional gaps lasting for many
millions of years have been recognized at i the end of the Silurian (~410-385 Ma);
ii the Lower Carboniferous (~350-310 Ma); iii the Lower Triassic (~245-215 Ma);
iv the Middle Jurassic (~184-180 Ma); v the Upper Jurassic-Lower Cretaceous

(~155-140 Ma); and vi from ~100 Ma to the present. These gaps have been taken
into account in the backstripping.

The geological evidence found in the basin, in its metamorphic and sedimentary
basement rocks and in adjacent terranes suggest an extensional regime associated
with a thermal origin as the basin-forming mechanism of Parnaiba. It may also
be considered that i the late stages of the Brasiliano Cycle were characterized by
regional thermal metamorphism in the basinal area, reaching granulite facies to
the east and southeast; ii the long-term evolution of the basin is compatible with
a thermal input event due to extension; and iii a large thermal anomaly again
affected most of the basin from the Lower Jurassic to Lower Cretaceous, at the

time of the South Atlantic opening.

The geological and geophysical evidence indicate the adequacy of an extensional
mechanism initiating the regional subsidence. Uniform lithospheric stretching
(McKenzie's model) was discarded as a viable process given the exaggerated pre-
dicted syn-rift subsidence. No boreholes showed a subsidence pattern compatible
with this model. An alternative model was used instead: the two-layer extensional
model (Royden-Keen), which accounts for the different rheological properties of
the continental crust and subcrustal lithosphere, thus allowing for different stretch
rates. The Royden-Keen model befits the estimated tectonic subsidence curves in

all wells, considering a single stretching event at 450 + 5 Ma.

Crustal and subcrustal lithosphere stretch rates were low throughout the en-

tire basinal development, with maximum values of 18% for the first and 36% for
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the latter. Total and purely tectonic subsidence profiles across the basin sug-
gest the earlier influence of crustal weakness zones parallel or subparallel to the

Transbrasiliano Lineament, shortly followed by other extension zones.

Considering an elastic rheology for the lithosphere, a regional W-E tectonic sub-
sidence profile could be reproduced employing an axisymmetric subsurface load.
Being aware that ridigity estimates using a constant ridigity plate are only a first-
order approximation, the best iterative solution yielded an effective flexural ridigity
D = 0.2 x 10** N m for the lithospheric plate. The low equivalent elastic thick-
ness T, = 32 km is compatible with a thermally affected continental lithosphere
and similar to the range of 30-35 km estimated for the Parana Basin by Oliveira
(1989). Computation of the compensation coefficient gave C = 0.98 confirming
that the local isostatic model used in the backstripping and thermo-mechanical
studies was appropriate. A graphical comparison of the elastic thickness estimate
of the present study with other flexural sites is seen in Fig. 6.3 (modified from
Willet et al., 1985). It is assumed the T, estimate for Parnaiba varies in the range

30-35 km and the average heat flow of 62 + 14 mW m~—? was taken from Pereira
& Hamza (1991).

The low elastic thickness has been interpreted as due to the inability of the
continental lithosphere to recover its ridigity after a thermal stress phase (Watts,

1992). The low T, value is often taken as an indicator of a sedimentary basin
developed on a stretched lithosphere.

In the Upper Cretaceous the Parnaiba Basin locked and stopped subsiding. Rift-
ing followed by rapid sedimentation started in the neighbouring offshore basins e.g.
Barreirinhas and Sao Luis Basins and, by the time these newly-formed basins en-
tered their drift phase, Parnaiba was definitely exposed and erosion restarted. The

lack of post-Cretaceous subsidence is also observed in the other large intracratonic
Palaeozoic basins of Brazil.

The injection of volcanics in the basin at the time of the South Atlantic open-
ing, although associated with extensional stresses, did not reactivate the tectonic
subsidence, perhaps due to crustal underplating. There is petrological and geo-
chemical evidence that parental picritic magmas derived from the mantle very

rarely reach the surface in extensional areas. Cox (1980) suggested that basaltic
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material should be trapped/intruded in the lower crust. Picritic magmas in the
base of the crust or intruded as sills in the lower crust would differentiate into

ultramafic cumulates and low-Mg basalts that could be then brought up to the
surface.

6.3 Integrated Geophysical Modelling

The confident interpretation of the history of the Parnaiba Basin requires a
better gravity and chrono-lithostratigraphic data sets than what is currently avail-
able. The geological evidence, the Bouguer and free-air gravity anomalies and the
geohistory analysis are in favour of an extensional mechanism to initiate the sub-

sidence of the Parnaiba Basin. This was possibly a tectonic response to a global

process.

Two periods in the Earth history have been recognized as important for the initi-
ation of intracratonic basins: the Upper Precambrian-Lower Palaeozoic (~590-500
Ma) and the Lower Jurassic-Lower Cretaceous (~180-100 Ma). Both periods are
associated with the break-up of supercontinental assemblies. Palaeozoic examples
come from North America (Hudson Bay, Illinois, Michigan and Williston), South
America (Amazon, Parnaiba and Parana) and Australia (Bonaparte, Ord, Warbur-
ton and Wiso). Mesozoic examples are the cratonic basins of NW Europe (North
Sea and Paris - Permo-Triassic?) and Africa (Chad and Iullmedden). Sometimes,
older, Upper Proterozoic basins are known to have experienced further subsidence
either in the Upper Precambrian (Amadeus, Georgina, Ngalia and Officer Basins

in Australia) or in the Upper Jurassic (Taoudeni and Congo Basins in Africa).

Some intracratonic basins have been observed to have their depocentres devel-
oped a few hundreds of kilometres from the present-day coastline (Hartley & Allen,
1994). The present depocentre of Parnaiba is within ~400 km of the coast and
the basin itself is clearly linked to the South American plate margin by a failed
rift arm (aulacogen) trending at a high angle to the regional strike of the margin.
De Brito Neves et al. (1984) note that for about two thirds of their lengths the
present coastlines of Brazil and Africa follow ancient basement structures. For

the remaining segments e.g. the northeast Brazil, where the coast cuts across the
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Precambrian trend, transverse features within the basins are common and affect

the sedimentation history of the marginal basins.

The prolonged development of Parnaiba, when compared to the two other large
intracratonic Brazilian basins, shows overall similar sedimentation histories with
minor differences caused by changes in the tectonic regime affecting each basin
individually at a certain time of its evolution and local changes in the sediment

supply. The Amazon Basin lacks the (modest) Jurassic depositional sequences

found in Parnaiba and Parana.

Sandstones are the dominant lithology in all three basins and, although Meso-
zoic magmatism is also a common feature, the massive volcanism is unique to the
Parand Basin. The Parnaiba basalts show mineralogical and chemical similari-
ties to the equivalent extrusives of Parana: the older Mosquito basalts correspond
chemically to the low Ti-type, tholeiitic basalts found in southern Parana whereas

the younger Sardinha basalts are similar to those of high Ti-type of northern
Parana.

The characteristic oval shape of Parnaiba is not reflected in the Bouguer map.
The gravity lows trending NE-SW and NNW-SSE help identify ancient crustal
weakness zones which controlled basinal evolution. A pronounced gravity high on
the basin depocentre is not observed, in contrast to the Middle Amazon Basin,
where a chain of gravity highs transects the basin roughly coincident with the axis
of maximum deposition. A sequence of NNE-SSW trending gravity highs localized
over and along the Parana River is coincident with the maximum depths to the
basement and thicknesses of basaltic rocks. Similar to Parnaiba, the free-air map
of the Parana Basin also shows negative anomalies, demonstrating that simple
Airy isostasy is not followed in both basins. Continental underplating or passive
upwelling of partial melt resulting in intrusion/partial replacement of the lower
crust by mantle-differentiated material is a mechanism capable to explain the re-
gional pattern of gravity anomalies over the Middle Amazon and Northern Parana
Basins (Nunn & Aires, 1988; Molina et al. 1989). The downward deflection of the
Moho caused by the subsurface load produces a regional negative free-air anomaly
within the basins and accounts for the drop in the Bouguer anomalies towards

the basins, even after correcting for the gravity component due to the low-density

sediments infill.
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The comparative geohistory of the Amazon, Parnaiba and Parana Basins shows
a consistent pattern of subsidence initiated in the Lower Ordovician-Lower Silurian
up to the Middle-Upper Cretaceous. Several non-depositional gaps which lasted
for tens of million years are found in the stratigraphic record of all three basins with
roughly synchronous changes in sediment volume. However, a few contrasts should
be noticed. The gently dipping sediments of Parnaiba were slowly deposited with
an episodic larger rate in the Devonian. The Devonian depositional acceleration is
observed neither in the Middle Amazon nor in the Parand Basins. In contrast, the
Amazon and Parana had large depositional rates in the Carboniferous-Permian
which were not matched in Parnaiba. The sediment contribution to the total sub-
sidence in Parnaiba is about the same as estimated for the Paranéd Basin (Quintas,
1995). However, total and tectonic subsidence rates in Parana were computed as-
suming that three extensional pulses occurred at 440, 296 and 144 Ma, while the
subsidence curves for Parnaiba do not indicate any renewed subsidence mechanism
apart from the Devonian acceleration. Nunn & Aires (1988) proposed that rapid

subsidence pulses might be due to lithospheric relaxation, horizontal buckling or
another rifting/intrusion event.

Given the present chrono-lithostratigraphic data, it is noticeable that regional
subsidence in the Parnaiba Basin iniated (at least) ~60 Myr after tectonic activity
in the adjacent mobile belts had come to an end with the last pulses of the Brasil-
iano Cycle. Having the observations above in mind and using all available data,
an integrated interpretation of the gravity anomalies and tectonic subsidence as

observed today suggest the simplest explanation for the Phanerozoic development
of the Parnaiba Basin is:

1 Following the break-up of a supercontinent in the Upper Precambrian-Lower
Palaeozoic, a rifting zone trending NE-SW starts developing. The lithosphere
had been thermally weakened during the last stages of the Brasiliano Cycle, at
Cambro-Ordovician times. Restricted extension and fissural volcanism occurred
in these grabens. Rifting ceases and rift flanks are eroded for about 50-55 Myr.
Conglomeratic and coarse-grained (proximal) sediments infill the grabens. With

time, progressively pelitic facies (distal) top up the sequence known as the
Mirador Formation;
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2 A renewed, broad thermal anomaly regionally affects the area and induces re-
gional uplift in the Upper Ordovician. Small extension pulses occur along the
already defined NNE-SSW trend and, shortly after, along an approximately or-
thogonal NW-SE trend. The Silurian sedimentation (the Serra Grande Group)
is deposited preferably along these trends. No volcanism happens this time and
basaltic partial melts starts intruding the lower crust. The newly-formed basin
enters a thermal phase and deposited sediments flexurally uplift the margins.
As result of the Caledonian Orogeny and maybe due to another thermal pulse

the basin is exposed and a non-depositional gap lasts for ~25 Myr. Subaerial
erosion follows;

Glacial conditions prevail. Renewed extension occurs and ancient, Upper Pro-
terozoic grabens trending NW-SE are reactivated. Diffuse spreading centres
are found in the basin. An open sea environment is established and Devonian
marine deposits of the Canindé Group fill the basin. Coeval with the Hercynian
Orogeny the basin is gradually uplifted and eventually exposed. Erosion occurs

for approximately 40 Myr and is accompanied by dramatic climate changes;

After (extensional) stress relaxation the basin could subside thermally from the
Upper Carboniferous to the Lower Triassic. Continental deposition under hot
climate conditions characterize the rocks of the Balsas Group. Anhydrite is
sometimes found. The remanent, epicontinental sea progressively retreats and
desert conditions were established in Parnaiba. The basin is regionally uplifted

due to the South Atlantic opening and erosion occurs for ~30 Myr;

5 The first signs of magmatism in the basin happen in the Lower Jurassic and the
main feeders are along preexisting fractures in the basement. The basalts of the
Mosquito Formation and associated intrusives do not show significant crustal
contamination and are characterized by low TiO; and incompatible element

contents. These extrusives were eroded for about 4 Myr and are similar to the
southern Parand Basin basalts;

Relaxation of the first extensional pulse allows a small transgressive-regressive
cycle in the Middle Jurassic. The basin is again uplifted and the sea retreats
definitely from the Parnaiba Basin. Erosion follows for about 15 Myr;
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7 Restricted magmatism occurs in the central parts of the basin in the Lower
Cretaceous. The Sardinha basalts and intrusives have high TiO; and incom-
patible element contents. The appreciable crustal contamination of these vol-
canics supports the gravity interpretation that the lower crust was progressively

intruded/replaced by mantle-differentiated material;

8 After the lithosphere cools down, there is no appreciable subsidence with the
exception of its northern tip, where a rift flank developed and was eroded.
Isostatic reequilibration brings this part of the basin to a lower level with the

restricted sedimentation of the Itapecuru Formation taking place in the Middle
Cretaceous;

9 Finally, sedimentation is transferred to the NE coast where complete oceaniza-

tion occurs. Some tectonism (mainly transcurrent faulting) affects the northern

Parnaiba Basin. The evolutionary cycle ends in the Upper Cretaceous and ero-
sion has been occurring ever since.

6.4 Suggestions for Future Work

A deep seismic survey across the Parnaiba Basin, preferably crossing its de-
pocentre in the NW-SE direction would show the extent and depth of syn-rift
sediments in the precursory grabens and provide direct assessment of the Moho
topography. A better gravity coverage including the adjacent areas would greatly
improve the present regional interpretation. Coherence estimate studies could
be carried out to obtain an independent estimate of the elastic thickness of the
lithosphere. Accurate separation of high- and low-frequency components of the

magnetic anomalies in the basin would help identify dykes and probable feeders
associated with fractures zones in the crust.
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o000

APPENDIX - Selected Computer Programs

COEFF.FOR

PROGRAM COEFF

This program computes upward continuation coefficients C(k, n) as

appears in equation 6.12 of Baranov (1975).

PARAMETER(M = 10, Pl = 3.141592654, DOPIDO = 19.7392088,

& DELTA = .001)

CHARACTER COEFFNAME * 5

REAL C(-M:M, -M:M)

COMMON /KNUZ /K, N, U, Z

EXTERNAL FUNCAO

WRITE(*, *) 'Program COEFF.FOR. Execution begins.’
WRITE(*, '(A\)')

& ' Enter number of units for upward continuation: '

READ(*, "(A5)') COEFFNAME
READ{(COEFFNAME(1:5), '(F5.3)') 2
OPEN(1, FILE = COEFFNAME}

WRITE(1, *)' Upward continuation coefficients’
WRITE(1, '("'Z = ', F5.3, " Unit(s), Order = ", 12,
& ' Delta = ', F4.3)") Z, M, DELTA
WRITE(*, *)
DOK =0,M
DON=K M

DO U = -1, 1., DELTA
CALL QROMB(FUNCAQ, 0., PI, SS})
C(K, N) = C(K, N) + SS * DELTA
END DO
C(K, N} = C(K, N) / DOPIDO
CIN, K) = C(K, N)
WRITE(*, '{'' + Computation finished for (k, n) = {'', 12,
& "I .'l l2' '.)'.,') KI N
END DO
END DO
DOK = -M, -1
DON=-M,0
C(K, N} = C{-K, -N)
END DO
END DO
DOK = -M, 0
DON=1M
C(K, N) = C{-K, N)
END DO
END DO
DOK =0, M
DON = -M, -1
Ci(K, N} = C(K, -N)
END DO
END DO
SOMA = 0.
DOK = -M,M
DON=-MM
SOMA = SOMA + C(K, N}
END DO
END DO
WRITE(1, (" Non-normalized sum of all coefficients = '',
& F3.2)') SOMA
EPSILON = (1. - SOMA} / 80.
WRITE(*, '("" Amount to be added to the last coefficients: '',
& F8.6)') EPSILON
DOl =-MM
Cil, M) = C{l, M) + EPSILON
Cil, -M) = C(l, -M) + EPSILON
END DO
DOl = -(M-1},M-1
C(M, 1) = C(M, I) + EPSILON
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C(-M, 1} = C(-M, I) + EPSILON
END DO
SOMA = 0.
DOK =-M,M
DON=-MM
SOMA = SOMA + CIK, N)
END DO
END DO
WRITE(1, '(21(F8.6, 1X})'M{(C(K, N), K = -M, M}, N = -M, M)
WRITE(1, '("'"Normalized sum of all coefficients = ', F6.4)')
& SOMA
STOP
END
Cc
SUBROUTINE QROMB(FUNCAD, A, B, SS)
PARAMETER(EPS = 1.E-3, JMAX = 30, JMAXP = JMAX + 1,K = 5,
& KM = K- 1)
EXTERNAL FUNCAO
REAL S(JMAXP), H(JMAXP)
H(1) = 1.
DO J = 1, JMAX
CALL TRAPZD(FUNCAO, A, B, S{J), J)
IF{J .GE. K) THEN
CALL POLINT(H({J - KM}, S{J - KM), K, O., SS, DSS)
IF(ABS(DSS) .LT. EPS * ABS(SS)) RETURN
END IF
S(J + 1)
HJ + 1)
END DO

PAUSE 'Convergence not reached after 30 iterations!’
END

= S{J}
= .25 * H{J)

C
PR L T R R Y Y Ny YT P Y YRy Y
C
SUBROUTINE TRAPZD(FUNCAO, A, B, S, N}
EXTERNAL FUNCAO
IF(N .EQ. 1) THEN
S = .6 * (B- A) * (FUNCAO(A) + FUNCAQ(B))
IT =1
ELSE
TNM = IT
DEL = (B- A) / TNM
X=A+.5"DEL
SUM = 0.
DOl =1,IT
SUM = SUM + FUNCAO(X)
X = X + DEL
END DO
S=.6"(S + (B-A)*SUM/TNM)
T=2*IT
END IF
RETURN
END
C
LR Y Y Y Y Yy
C
FUNCTION FUNCAO(ALFA)
COMMON /KNUZ /K, N, U, Z
FUNCAO = EXP{-ALFA * Z * SQRT{1. + U ** 2)) * ALFA *

& (COS((K + N * U) * ALFA) + COS((K * U + N} * ALFA))
RETURN
END

c

C........ﬂ.......C....'......Q...I.Q...I'....'.....I.......'.........QQ.

o
SUBROUTINE POLINTIXA, YA, N, X, Y, DY)
PARAMETER(NMAX = 10}

REAL XA(N}, YA(N}, CINMAX), D(NMAX)
NS = 1

DIF = ABS(X - XA(1))
DO!=1,N
DIFT = ABS(X - XA(l)}
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IF{DIFT .LT. DIF) THEN
NS =1
DIF = DIFT
END IF
Cily = YA()
Dy = YA()
END DO
Y = YA(NS)
NS = NS -1
DOM=1,N-1
DOl =1, N-M
HO = XA(l) - X
HP = XAll + M) - X
W = Ci{l + 1) -D(l)
DEN = HO - HP
IF(DEN .EQ. 0.) PAUSE
DEN = W /DEN
D(l) = HP * DEN
C{l) = HO * DEN
END DO
IF{2 * NS .LT. N - M) THEN
DY = CINS + 1}
ELSE
NS = NS -1
END IF
Y=Y + DY
END DO
RETURN
END

STRIPP.FOR
PROGRAM STRIPP

This program performs backstripping analysis of wells
according to a local loading model and an exponential
dependence of sediments porosity upon depth.
Reference: Allen & Allen (1990).

PARAMETER(N = 30, ROW = 1.03, ROSEDG = 2.68, ROM = 3.33,
& THOUSAND = 1000.)
REAL LNPORO(14), AGE(N), Z{N, O:N - 1), ZSED(N), X(N}, S(N}),
& TSR(N), ZTEC(N), DENS{14), DEPTH(14), POROS(14), TIMES(N}),
& ERODED(N), TIMEGAP(N)
CHARACTER WELL * 10, FNAME * 2, R, CODIGO(N) /N * ' '/
DATA DENS / 2.2, 2.234, 2.254, 2.362, 2.39, 2.467, 2.496,
2.508, 2.5648, 2.59, 2.5695, 2.473, 2.665, 2.463 /,
DEPTH / .156, .3595, .4525, .526, .6755, .989, 1.3665,
1.56865, 1.7515, 2.0615, 2.29, 2.444, 2.6145, 2.7595 /,
YL / 200000. /, YC / 36000. /, DIFF / .8 /,
Pl/3.141592645E0 /, ROMAST / 3.3/, ROCAST / 2.8 /,
TM /1330./ALPHAV / 3.E-B /, X /N * 0./,
ZTEC/N*0./,Z/N*N*0./
COMMON / POROSITY / FO, C, FOC, EPSILON
OPEN(6, FILE = 'PRN')
EPSILON = .00001
WRITE(*, "(5(/,
&' e Program STRIPP.FOR. Execution begins.
& e B
TAU = (YL ** 2/ (Pl ** 2 * DIFF)) / (365. * 24, * 3600.)
DOI1 = 1,14
POROS(l) = (ROSEDG - DENS(l)) / (ROSEDG - ROW)
LNPORO(l) = LOG(POROS(I))
DEPTH(l) = DEPTH(l) - DEPTH(1)
END DO
CALL MEDFIT(DEPTH, LNPORO, 14, FO, C, DEV)
FO = EXP(FO)
FOC = -FO/C
10 WRITE(*, *) 'Enter file name with borshole data: *
READ(*, '{A2)') FNAME
OPEN(1, FILE = 'C:\PARNAIBA\' // FNAME // '.DAT")

Qe Qo o Qo Qo Qo Qo
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OPEN(2, FILE = 'C:\PARNAIBA\' // FNAME // '.STR')

READ(1, '(A10)') WELL

WRITE(2, '("'*** Results computed for well '', A10, "* ***''})")
& WELL

WRITE(S, '("'1"", B{/), 16X, ''*** Results computed for well "',
& A10,' ***"'/Il}'y WELL

(o
C Reading input data file.
C
DOl =1,N
READ(1, "{13X, F5.3, 1X, 2F3.0, 1X, A1})', END = 20) Z(l, 0},
&  AGE(l), TIMEGAP(l), CODIGO{l)
END DO
20M =1i-1
DOI=1,M
IF(l .EQ. 1) AUX = Z(1, 0)
201, 0} = -{Z{l, 0) - AUX)
END DO
CLOSE(1)
WRITE(*®, '('* File C:\PARNAIBA\'", A2, "".DAT holds ", 12,
& '* data values for well '', A11)') FNAME, M, WELL // .’
Cc
C Computes Zsed and Ztec at T = T(2) (usually age of top of
C Itapecuru Formation.
[
ROMED = ROSEDG - FOC * (ROSEDG - ROW) * (1. - EXP(C * Z(M, 0)))
ZSED(2) = Z(M, 0)
ZTEC(2) = ZSED(2) * (ROM - ROMED) / (ROM - ROW)
TIMES(2) = AGE(1)
SEDRATE = Z(M, 0) / AGE(M)
ERODED{1) = (TIMEGAP(1) * SEDRATE) / 2.
WRITE(*®, '{
&'' Robust regression of porosity on depth {F = Fo exp(-Cz)}:"",
&' Fo=",F86,",C="F8.86, "/km"/
&'’ Erosion estimate at this site: '', F6.3, '' km''/
&'' Sedimentation rate: '', F4.1, "' m/My'"}') FO, -C,
&ERODED(1), SEDRATE * THOUSAND
WRITE(6, '{
&' Robust regression of porosity on depth {F = Fo exp(-Cz)
&) Fo = ",F8.6,",C ="', F8.6, "'/km"/
&"’ Erosion estimate at this site: *', F5.3, ' km""/
&" Sedimentation rate: "', F4.1, "' m/My''//)'} FO, -C,
&ERODED(1), SEDRATE * THOUSAND
(o}
C Computes Zsed and Ztec at time T = T(1) = O Ma (adds the assumed
C  erosion of the first layer and compacts the whole sediment column).
(o
CALL NEWDEPTH(Z(M, 0}, 0., ERODED{1), ZBOTTOM, 1)
ROMED = ROSEDG - FOC * (ROSEDG - ROW) * (1. - EXP(C * ZBOTTOM))
ZSED(1) = ZBOTTOM
ZTEC(1) = ZSED{(1) * (ROM - ROMED) / (ROM - ROW)
TIMES(1) = AGE(1) - TIMEGAP{1)
c
dC Sequentially  backstripps sediments  from layer 2 (usually Codo'}
s.
c
J=2
KSTART = 3
DOL=1,M-2

DO K = KSTART, M
IF(CODIGO(K) .EQ. 'V') THEN
ZK, L) = Z(K, L-1}-Z(K-1,L-1)
CYCLE
END IF
CALL NEWDEPTH(Z(K, L- 1), Z(K- 1,L- 1), 2(K - 1, L),
& Z(K, L), K)
END DO
ROMED = ROSEDG - FOC * (ROSEDG - ROW) * (1. - *
& ZM, L)) HT - B
J=J+1
ZSED(J) = Z(M, L)
ZTEC(J) = ZSED{J) * (ROM - ROMED) / (ROM - ROW)
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TIMES(J) = AGE(KSTART - 1)

Should erosion ocurrs...
Adds the eroded part of the layer alowing compaction of layers beneath
and assigns an age T = T{i} - Time gapli).

O0O0O0O0

IF(TIMEGAP(KSTART - 1) .NE. 0.) THEN
ERODED(KSTART - 1) = (TIMEGAP(KSTART - 1) * SEDRATE) / 2.
ZZ = ZM, L)
CALL NEWDEPTH(Z(M, L}, 0., ERODED(KSTART - 1), ZBOTTOM,
& KSTART)
ROMED = ROSEDG - FOC * (ROSEDG - ROW) * (1. - EXP(C *
& ZBOTTOM))
AUXZSED = ZBOTTOM
AUXZTEC = AUXZSED * (ROM - ROMED) / (ROM - ROW)
AUXTIMES = TIMES(J) - TIMEGAP(KSTART - 1)
J=J+1
ZSED(J) = ZSED(J - 1)
ZTEC(J) = ZTECWJ - 1)
TIMES(J) = TIMES{J - 1)
ZSED{J - 1} = AUXZSED
ZTEC(J - 1) = AUXZTEC
TIMES(J - 1) = AUXTIMES
END IF
KSTART = KSTART + 1
END DO

At time T = T{(M) = 450 Ma there are no total and tectonic
subsidences.

0oO000

J=J+1
TIMES(J) = 450.
ZSED(J) = 0.
ZTEC(J) = 0.

Starts computing BETA for McKenzie's uniform stretching model.
Reference: Allen & Allen (1990).

[2XeX2Xg

DOl =1,J
TSR(l) = TIMES(I) - 450.
X{l} = 1. - EXP(TSR{l) / TAU)
END DO
CALL MEDFIT(X, ZTEC, J, B, A, DEV)
EO = (.004 * YL * ROMED * ALPHAV * TM) / (PI ** 2 *
& (ROMAST - ROMED)}
2Z = 2,
DIF = 1,
DO WHILE (DIF .GE. EPSILON)
222 = 22 - ((SIN(Z2) / ZZ) * EO - A) / ((EO / 22) * {COS(Z2) -
& SIN(Z2) | Z22))
DIF = ABS(2ZZ - Z2)
22 = 222
ITER = ITER + 1
IFTER .GT. 10} THEN
WRITE(*, ("' Convergence not reached after 10 iterations! Che
&ck input data for BETA.''/)')
STOP
END IF
END DO
BETA = PI/ 22
WRITE(*, '("* BETA computed after'’, 12, ' iteration(s): '',
&  F4.2, }') ITER, BETA
ZS = 001 * YL * (1.-1./BETA) * ((ROMAST - ROCAST) * (YC/
& YL} *(1.-ALPHAV * (TM / 2.) * (YC/ YL)) - ALPHAV *
& (TM/2.) * ROMAST) / (ROMAST * (1. - ALPHAV * ™) -
& ROMED)
DOl =1,J
S(l) = EO * (BETA/PI) * SIN{PI / BETA) * X(I)
END DO
C
g Starts printing resuits for this particular well.
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C
C
C

c
C
c

WRITE(2, '(

&' Robust regression of porosity on depth {F = Fo exp(-Cz}}:"",
&/" Fo=",F8.6,",C="F86," km-1"/

&'' Erosion estimate at this site: '', 5.3, "' km.""/

&'' Sedimentation rate: '', F4.1, '' m/My"'"})') FO, -C,
&ERODED(1), SEDRATE * THOUSAND

WRITE(2, '("" # Age Zsed Ztec St Erosion Tsr''}")
WRITE(2, '(I13, 2X, 13, 2X, F6.3, 2X, F6.3, 2X, F6.3, 2X, F6.3,
&2X, 14)") (I, NINT(TIMES{I}), ZSED{l), ZTEC(I), S(l}, ERODED(}),
&NINT(TSRIN, | =1, J)

WRITE(2, '{/''Time constant: **, I3, '* My, Eo: "', F6.3,

& ' km'')') NINT(TAU), EO

WRITE(2, '{"'Beta: '*, F4.2, '', Zs: "', F4.2," km'')') BETA, ZS
WRITE(6, '(12X, "'# Age Zsed Ztec St Erosion  Tsr'')
&')

WRITE(6, '(10X, 13, 2X, I3, 2X, F6.3, 2X, F6.3, 2X, F6.3, 2X, F6.3
&, 2X, 14)") (1, NINT(TIMES())), ZSED(l), ZTEC()), S(l), ERODED{!},
&NINT(TSRII), 1 = 1, J)

WRITE(6, '{//9X, ''Time constant: '', 13, '* My, Eo: ', FB8.3,

& " km''/9X, ''Beta: "', F4.2, "', Zs: "', F4.2,"" km"’)")

& NINT(TAU), EO, BETA, ZS

For Serra Grande Group.

BEGIN = 410.

END = 450.

CALL INTLIN(J, TIMES, 2SED, BEGIN, YSED2)

DSTOT1 = (YSED2 - ZSED(J)) * THOUSAND / (END - BEGIN)
CALL INTLIN{J, TIMES, ZTEC, BEGIN, YTEC2)

DSTEC1 = (YTEC2 - ZTEC(J)) * THOUSAND / (END - BEGIN)
WRITE(2, '(/''Stratigraphic Total Subsidence Tectonic Subsidence’
&'/4X, ''Group Rate (m/My) Rate (m/My)"'/

&''Serra Grande'', 9X, F4.1, 12X, F4.1)') DSTOT1, DSTEC1
WRITE(6, '{//9X, ''Stratigraphic Total Subsidence Tectonic Subsid
&ence''/13X, ''Group Rate (m/My) Rate (m/My)'"/

&9X, ''Serra Grande'’, 9X, F4.1, 14X, F4.1)') DSTOT1, DSTEC1

For Caninde' Group.

BEGIN = 300.

END = 385.

CALL INTLIN(J, TIMES, ZSED, END, YSED1}

CALL INTLIN(J, TIMES, ZSED, BEGIN, YSED2)

DSTOT2 = (YSED2 - YSED1) * THOUSAND / (END - BEGIN)
CALL INTLIN(J, TIMES, ZTEC, END, YTEC1)

CALL INTLIN(J, TIMES, ZTEC, BEGIN, YTEC2)

DSTEC2 = (YTEC2 - YTEC1) * THOUSAND / {END - BEGIN)
WRITE(2, '{'* Caninde'’, 12X, F4.1, 12X, F4.1)') DSTOT2, DSTEC2
WRITE(B, '(11X, '"Caninde'’, 12X, F4.1, 14X, F4.1)")

& DSTOT2, DSTEC2

For Balsas Group,

END = 310.
CALL INTLIN{J, TIMES, ZSED, END, YSED1)
CALL INTLIN(J, TIMES, ZTEC, END, YTEC1)
IF(2156. .GE. TIMES(1)) THEN
BEGIN = 216.
CALL INTLIN(J, TIMES, 2SED, BEGIN, YSED2)
DSTOT3 = (YSED2 - YSED1) * THOUSAND / (END - BEGIN)
CALL INTLIN(J, TIMES, ZTEC, BEGIN, YTEC2)
DSTEC3 = (YTEC2 - YTEC1) * THOUSAND / {END - BEGIN)
WRITE(2, '("" Balsas', 13X, F4.1, 12X, F4.1)') DSTOT3, DSTEC3
WRITE(6, (11X, ""Balsas", 13X, F4.1, 14X, F4.1)"
& DSTOT3, DSTEC3
ELSE
YSED2 = ZSED(1)
YTEC2 = ZTEC(1)
DSTOT3 = (YSED2 - YSED1) * THOUSAND / (END - BEGIN)
DSTEC3 = (YTEC2 - YTEC1) * THOUSAND / (END - BEGIN)
WRITE(2, ‘(" Balsas ", 9X, F4.1, 12X, F4.1)') DSTOT3,
& DSTEC3
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WRITE(6, '(14X, ''Balsas'’, 13X, F4.1, 14X, F4.1)")
& DSTOT3, DSTEC3
END IF

(o
C  For Mearim Group.
Cc

END = 180.
IF(145. .GE. TIMES(1)) THEN
BEGIN = 145.
CALL INTLIN(J, TIMES, ZSED, END, YSED1)
CALL INTLIN(J, TIMES, ZSED, BEGIN, YSED2)
DSTOT4 = (YSED2 - YSED1) * THOUSAND / (END - BEGIN)
CALL INTLIN(J, TIMES, ZTEC, END, YTEC1)
CALL INTLIN(J, TIMES, ZTEC, BEGIN, YTEC2)
DSTEC4 = (YTEC2 - YTEC1) * THOUSAND / (END - BEGIN)
WRITE(2, ("' Mearim'’, 13X, F4.1, 12X, F4.1)') DSTOT4,
& DSTEC4
WRITE(6, (11X, ""Mearim'’, 13X, F4.1, 14X, F4.1)")
& DSTOT4, DSTEC4
ELSE IF(END .GE. TIMES({1}) THEN
YSED2 = ZSED{1)
YTEC2 = ZTEC(1)
CALL INTLIN{J, TIMES, ZSED, END, YSED1)
DSTOT4 = (YSED2 - YSED1) * THOUSAND / (END - BEGIN)
CALL INTLIN(J, TIMES, 2TEC, END, YTEC1)
DSTEC4 = (YTEC2 - YTEC1) * THOUSAND / (END - BEGIN)
WRITE(2, '("' Mearim'’, 13X, F4.1, 12X, F4.1)') DSTOT4, DSTEC4
WRITE(6, '(11X, '"Mearim'’, 13X, F4.1, 14X, F4.1)'}
& DSTOT4, DSTEC4
ELSE
WRITE(2, '("' Mearim'', 7X, ''Not drilled'')')
WRITE(6, '(11X, ""Mearim'’, 7X, "'Not drilled'')')
END IF
CLOSE(2)

Calls PLOT88 graphics lybrary.

(eXeXel

ZTEC() + 1)
ZTECU + 2)
ZSED{J + 1)
ZSED(J + 2)
SJ + 1) = 4,

SJ+2)=-5

TIMES(J + 1) = 450.

TIMES{J + 2) = -50.

CALL PLOTS(0, 97, 97)

CALL WINDOW(-.3, -.3, 10., 10.)

CALL FACTOR(.9)

CALL COMPLX

CALL PLOT(.5, 1., -3)

CALL STAXIS{(.15, .18, .13, .05, 0}

CALL AXIS(0., 0., 'Age (Ma)', -8, -9., 0., TIMES(J + 1),
& TIMES(J + 2))

CALL STAXIS(.15, .18, .13, .05, 1)

CALL AXIS(0., 0., 'Depth to basement (km)‘, 22, -8., 90.,
& ZSED(J + 1), ZSED{J + 2))
CALL STAXIS(.001, .001, .001, .05, 0)

CALL AXis(0., 8., ' ', -0, -9., 0., TIMES(J + 1), TIMES{J + 2))

CALL AXIS(9., 0., ', -0, 8., 90., ZSED(J + 1), ZSED(J + 2))
CALL COLOR(14, IERRO)

CALL STLINE(1, .08, 0.)
CALL LINE(TIMES, ZSED, J, 1, 1, 3)
CALL COLOR(12, IERRO)
CALL LINE(TIMES, ZTEC, J, 1, 1, 3)
CALL COLOR(13, IERRO)
CALL LINE(TIMES, S, J, 1, 1, 5)
CALL COLOR(0, IERRO)
CALL SYMBOL(3., 8.2, .18, 'Local loading mode!', 0., 19)
IF(FNAME .EQ. 'BC' .OR. FNAME .EQ. 'bc') THEN
CALL SYMBOL
&(9.8, 8., .18, 'Figure 5.8 - Total (St), tectonic {S*) and',
& -80., 42}

4.
-5
4,
-5

on
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CALL SYMBOL
&(9.5, 8., .18, 'uniform stretching (S* ) subsidence curves.’,
&-90., 43)
ELSE
CALL SYMBOL(9.8, 8., .18,
&'Figure 5.8 (cont.) - Total (St), tectonic (S*)’, -90., 46)
CALL SYMBOL(9.5, 8., .18,
&'and uniform stretching (S* *) subsidence curves.', -90., 47)

END IF

CALL SYMBOL(-(TIMES(J + 1) - TIMES({1)) / TIMES(J + 2) - .5,
& -(ZSED{J + 1) - ZSED(1)) / ZSED{J + 2) - .3,

& .15, 'St', 0., 2)

CALL SYMBOL(-(TIMES(J + 1) - TIMES(1)) / TIMES(J + 2) - .5,
& -(ZTEC(J + 1) - ZTEC(1)) / ZTEC{J + 2) - .3,

& .15,'s*", 0., 2)

CALL SYMBOL(-(TIMES(J + 1) - TIMES(1)) / TIMES(J + 2) - .5,
& -(S(J + 1)-S(1)} /S + 2) + .2,

& .15,'s**", 0, 3)

CALL SYMBOL(-.5, -1., .15,

& 'Backstripping curves for well: ', 0., 31)
CALL SYMBOL(999., 999., .15, WELL, 0., 12)
CALL SYMBOL{999., 999., .15, ', Tau: ', 0., 7)
CALL NUMBER(999., 999, .15, TAU, 0., -1)
CALL SYMBOL(999., 999., .15, ' My, Beta: ', 0., 11)
CALL NUMBER(999., 999., .15, BETA, 0., 2)
CALL SYMBOL{999., 999, .15, ', 0., 1}
CALL PLOT(O., O., 999)

WRITE(*, '(/A\)') ' Another well {Y/N)? '
READ(*, '(A1)') R
SELECT CASE(R)

CASE('Y', "Y'}

DOl =1,N
AGE(l) = 0.
ERODEDI(l) = 0.
TIMEGAP(l) = 0.
COoDIGO(ly = "'
DOJ=0,N-1

20, J) = 0.
END DO

END DO

ITER = 0

GO TO 10

END SELECT
CLOSE(6)

WRITE(*, *) 'Program executed.’

STOP
END

SUBROUTINE MEDFIT(X, Y, NDATA, A, B, ABDEV)

FitsaY = A + B * X on the criterion of minimum absolute deviation,
Vectors X and Y of length NDATA are the experimental input data.
Coefficients A and B are then computed as well as ABDEV which is
the mean absolute deviation (in y) of the experimental points

relative to the fitted straight line. The subroutine uses function
ROFUNC communicating through a commom block.

PARAMETER(INMAX = 30)
EXTERNAL ROFUNC
COMMON /ARRAYS/ NDATAT, XT(NMAX), YT(NMAX),
REAL X(NDATA), Y(NDATA) 1 ARRINMAX), AA, ABDEVT
SX = 0.
SY = 0.
SXY = 0.
SXX = 0.
DO J = 1, NDATA
XT) = X(J)
YT = Y()
SX = SX + X{J)
SY = SY + Y(J)
SXY = SXY + X(J) * Y(J)
SXX = SXX + X{J) ** 2
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c

END DO
NDATAT = NDATA
DEL = REAL(NDATA) * SXX - SX ** 2
AA = (SXX * SY - SX * SXY) / DEL
BB = (REAL(NDATA) - SX * SY) / DEL
CHISQ = 0.
DO J = 1, NDATA

CHISQ = CHISQ +(Y({J) -(AA + BB * X{J)})) ** 2
END DO
SIGB = SQRT(CHISQ / DEL)
B1 = BB
F1 = ROFUNC(B1)
B2 = BB + SIGN(3. * SIGB, F1)
F2 = ROFUNC(B2)

30 IF(F1 * F2 .GT. 0.) THEN

BB = 2. *B2-B1

B1 = B2
F1 = F2
B2 = BB
F2 = ROFUNC(B2}
GO TO 30
END IF

SIGB = 0.01 * SIGB

40 IF(ABS(B2 - B1) .GT. SIGB) THEN

BB = 0.5 * (B1 + B2)
IF(BB .EQ. B1 .OR. BB .EQ. B2) GO TO 50
F = ROFUNC(BB)
IF(F * F1 .GE. 0.) THEN
F1=F
B1 = BB
ELSE
F2 = F
B2 = BB
END IF
GO TO 40
END IF

50 A = AA

B = BB

ABDEV = ABDEVT / REAL(NDATA})
RETURN

END

FUNCTION ROFUNC(B)

Computes the right side of equation 14.6.16 (Press et alli, 1982)
for a given B.

PARAMETER(NMAX = 30)
COMMON /ARRAYS/ NDATA, X{(NMAX), YINMAX), ARRINMAX), AA, ABDEV
N1 = NDATA + 1
NML = N1/ 2
NMH = N1 - NML
DO J = 1, NDATA
ARR{J} = Y{J) - B * X{J)
END DO
CALL SORT(NDATA, ARR)
AA = 0.5 * (ARR(NML) + ARR(NMH))
SUM = 0.
ABDEV = 0.
DO J = 1, NDATA
D = Y{J)-B * X(J) + AA)
ABDEV = ABDEV + ABS(D)
SUM = SUM + X(J) * SIGN(1., D}
END DO
ROFUNC = SUM
RETURN
END

C."'..IOQ.II.QQQQQ'Q."'.'QI.Q&Q‘Q....Ql.il...'.CQ......IQQQQQQQ
tonsann

SUBROUTINE NEWDEPTH(X, Y, Z, W, LAYER)
COMMON / POROSITY / FO, C, FOC, EPSILON
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ITER = 1
W0 = X
DIF = 1.
DO WHILE (DIF .GE. EPSILON)

W = WO0-{WO0 + FOC * EXPIC*WO0)-(X-Y +2Z-FOC*
& (EXP(C * Y)-EXP(C * X} -EXP(C *ZW))) /(1. -FO *
& EXP{C * WO))

DIF = ABS(W - W0)

WO =W

ITER = ITER + 1

IF(ITER .GT. 10) THEN

WRITE(*, '{/'' Convergence not reached after 10 iterations!''/

&)")

WRITE(*, '("" Check these data:"'/"* X = "', F10.3,
& "Y =",F103,"Z=",F103,"W =", F10.3,
& "WO0 =", F10.3/" Layer: '', 12)")
& X, Y, Z, W, WO, LAYER

STOP

END IF
END DO
RETURN
END
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